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ABSTRACT 

^  An  intensive  study  was  made  of  the  suspended  sediment  of 
the  northern  Chesapeake  Bay  from  21  March  19 66  through  31  torch 
1967.  Samples  were  collected  routinely  at  16  stations  for 
determinations  of  both  the  concentrations  of  total  suspended 
solids  and  the  concentrations  of  combustible  organic  matter. 

At  selected  stations  samples  were  collected  for  mineral  identi¬ 
fication  by  X-ray  diffraction  and  for  size  analysis  both  v  a 

photomicrographic  technique  and  by  sedimentation.  I 

/ 

The  concentrations  of  suspended  sediment  in  the  Bay 
proper  were  greater  than  5  mg/l  throughout  the  year  with 
maximum  values  greater  than  110  mg/l  occurring  in  March  during 
the  period  of  peak  river  flow.  The  concentrations  of  combustible 
organic  matter  were  highest  in  the  spring  and  summer  months 
averaging  nearly  5  mg/l  and  lowest  during  the  winter  months  when 
they  averaged  about  3  mg/l.  The  concentrations  of  suspended 
sediment  in  the  mouth  of  the  Susquehanna  River,  the  principal 
source  of  fluvial  sediment  to  the  study  area,  exceeded  l4o  mg/l 
during  the  period  of  maximum  river  flow.  Except  for  the  period 
of  peak  river  discharge,  the  concentrations  of  suspended  sedi¬ 
ment  were  higher  in  the  Bay  than  in  the  Susquehanna  River. 

The  mean  projected  diameter  of  the  suspended  particles 
had  a  limited  range.  In  nearly  80  percent  of  the  samples  analyzed 
it  was  between  1.4  and  2.0  p  and  all  samples  were  included 


between  1.1  and  2.8  ji.  The  mean  Stokes  diameter  ranged  from 
2.3  to  12.2  (i,  and  in  nearly  70  percent  of  the  samples  it  was 
between  3  and  6  11.  At  nearly  all  of  the  stations,  both  the 
mean  projected  diameter  and  the  mean  Stokes  diameter  increased 
near  the  bottom. 

The  minerals  of  the  suspended  sediment  consisted  of  the 
illite,  chlorite,  and  kaolinite  clay  mineral  "groups  and  of 
quartz  and  feldspar.  Illite  appears  to  be  the  most  abundant 
mineral.  The  seasonal  and  geographic  variations  of  the  rela¬ 
tive  abundances  of  the  clay  minerals  were  small. 

During  the  year  1  April  1966  through  31  March  1967  the 
Susquehanna  River  discharged  0.6  x  10 6  metric  tons  of  suspended 
sediment  into  the  Bay  at  Havre  de  Grace.  Nearly  70  percent  of 
the  0.6  x  10 6  metric  tons  was  discharged  during  peak  runoff 
in  late  February  and  March  and  cf  this  70  percent  about  80 
percent  was  deposited  within  the  study  area.  Approximately 
0.1  x  10  metric  tens  of  silt  and  clay  are  introduced  into  the 
study  area  from  coastal  erosion. 

During  the  period  of  peak  runoff  the  upper  Bay's  sus¬ 
pended  sediment  population  was  closely  linked  to  its  major 
source  of  new  sediment — the  Susquehanna  River.  At  all  other 
times  of  the  year  however,  the  concentrations  of  suspended  sedi¬ 
ment  were  higher  within  the  Bay  than  in  the  mouth  of  the  Susque¬ 
hanna  River  despite  the  dilution  of  the  Susquehanna  discharge 


and  the  settling  out  which  occur  within  the  Bay.  Excluding  the 
period  of  maximum  runoff,  the  concentrations  of  suspended  sedi¬ 
ment  in  the  Bay  were  determined  largely  by  local  resuspension, 
and  by  the  upstream  transport  of  sediment  in  the  lower  layer. 

It  is  not  possible  to  assess  the  relative  contributions  by 
these  two  mechanisms  with  the  data  we  now  have.  It  was  possible 
however,  to  calculate  the  net  flux  density  of  sediment  through 
the  surface  separating  the  upper  and  lower  layers. 

Although  we  do  not  have  sufficient  information  to  write 
a  sediment  budget  for  this  segment  of  the  Chesapeake  Bay, 
there  can  be  little  doubt  that  this  is  an  area  of  net  deposition. 
The  data  indicate  an  average  sedimentation  rate  of  from  2  to 
3  mm  per  year. 

The  pattern  of  sedimentation  then,  is  one  of  fluvial 
domination  during  the  period  of  thaw  and  high  runoff,  and 
cannibalism  (resedimentation)  during  the  remainder  of  the  year. 
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IHTROJXJCTION 

The  study  of  sediments  is  almost  as  oil  as  the  science 
of  geology  itself.  Sediment  consists  of  solid  material  which 
is  being  transported  or  has  been  deposited  at  or  near  the 
Barth's  surface.  Transportation,  although  it  may  be  no  more 
than  the  detachment  of  particles  from  the  parent  rock,  is  a 
necessary  criterion. 

The  kind  of  sediment  which  accumulates  in  an  environment 
depends  on  the  nature  of  the  sources,  the  transport  mechanisms 
both  into  and  internal  to  the  region,  and  the  conditions  pre¬ 
vailing  within  the  area  during  and  after  deposition — physical, 
chemical,  and  biological.  A  sedimentary  deposit  consists  of 
both  mineral  and  organic  natter.  The  mineral  faction  is  made 
up  of  two  kinds  of  material,  the  exogenetic  (clastic)  and  the 
endogenetic  (precipitated)  parts  (Grabau,  1904).  Igneous 
rocks  are  the  ultimate  sources  of  all  mineral  grains.  The 
ultimate  sources  are,  however,  often  remote  in  space  and  time 
and  sediments  in  a  region  may  have  gone  through  eeveral  cycles. 
Since  the  paths  connecting  a  sediment  end  its  sources  sure 
often  difficult  and  sometimes  impossible  to  trace,  a  study 
of  sediments  approached  through  their  ultimate  sources  is 
seldom  instructive.  It  is  generally  more  meaningful  to  look 
at  the  proximate  sources  and  the  transporting  media  of  sediments. 
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Modern  marine  and  estuarine  sediments  are  best  understood  when 
source  and  transport  are  taken  together  instead  of  being  con¬ 
sidered  separately.  We  can  consider  the  proximate  sources  of 
an  estuarine  sediment  to  be  the  atmosphere,  the  land  and  its 
surface  drainage  system,  the  estuary,  the  estuarine  floor,  and 
the  sea. 

Students  of  modern  sed .ments  have  concentrated  their 
attention  on  deposits  and  sources  and  have  almost  entirely 
neglected  the  transportation  of  sediment  into  and  within  the 
deposit  area.  Transportation,  when  it  is  treated  at  all,  is 
commonly  inferred  from  an  examination  of  the  textures  and 
structures  of  the  deposits  themselves;  properties  such  as 
sorting  and  rounding  on  the  one  hand,  and  ripple  marks  and 
laminations  on  the  other.  There  are  two  primary  reasons  for 
this  approach.  First,  the  techniques  for  measuring  sediments 
in  transport  are  often  lacking  and  second,  modern  sediments 
have  frequently  been  studied  primarily  for  guidance  in  the 
recognition  of  ancient  environments  and  the  interpretation  of 
their  deposits.  (See  for  example  Shepard,  1964.)  Since 
sedimentary  textures  and  structures  reflect  average  or  maximum 
current  velocities  they  are  also  usef  ~l  in  studies  of  modern 
sediments.  Such  features,  however,  tell  us  very  little  about 
the  mechanics  of  sedimentation,  about  the  rates  involved,  or 
about  the  paths  of  movement.  Without  a  knowledge  of  these 
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factors  our  understanding  of  sediments  must  remain  severly 
limited. 

Sediments  are  carried  in  suspension  and  by  bottom 
traction  by  the  three  principal  agents  of  transportation**- 
air,  water,  and  ice.  Sediment  forming  material  is  also 
c •'rried  in  solution.  The  mode  of  movement  of  clastic  materials 
by  water  or  by  air  depends  on  the  Reynolds  number1  of  the  flow 
and  on  the  sizes,  shapes,  and  specific  gravities  of  the  trans¬ 
ported  particles.  Coarse  sediments  sure  generally  transported 
as  bed  load,  and  fine  sediments  as  suspended  load.  Bagno Id 
(1966)  defines  the  suspended  load  as  that  part  of  total  load 
which  is  supported  by  a  fluid-transmitted  stress,  and  the 
bottom  load  as  that  part  which  is  supported  wholly  by  a  soliu- 
transmitted  stress.  The  saltation  of  particles  is  a  transitional 
stage  between  the  bottom  and  suspended  loads. 

1  The  Reynolds  number,  U//v,  depends  on  the  velocity  of  the 
flow  U,  on  the  kinematic  viscosity  of  the  fluid  v,  and  on  some 
characteristic  dimension  of  the  container  l .  Low  Reynolds  num¬ 
bers  correspond  to  laminar  flows,  high  Reynolds  numbers  to  turbu¬ 
lent  flows.  Turbulent  flows  are  much  more  powerful  transporting 
agencies  than  are  laminar  flows.  Turbulent  flows  with  very  high 
Reynolds  numbers  are  difficult  to  create  in  the  laboratory  but 
they  are  the  most  commonly  occurring  flows  under  natural  conditions. 


Suspension  is  the  primary  mode  of  transportation  in  \he 
Chesapeake  Bay.  The  lower  reaches  of  the  tributaries  have 
very  low  gradients  as  a  result  of  the  drowning  caused  by  the 
post  glacial  rise  in  sea  level.  The  low  gradients  have  de¬ 
creased  the  competency  of  the  rivers  to  the  extent  that  very 
little  gravel  and  coarse  sand  reach  the  main  body  of  the 
estuary.  In  addition,  the  reservoirs  of  the  Sue iuehanna  have 
almost  eliminated  the  introduction  of  any  sand  into  the 
upper  Chesapeake  Bay. 

Suspended  marine  and  estuarine  sediments  have  been 
studied  by  methods  based  on  optics,  on  centrifuging  and  on 
filtering.  The  majority  of  these  investigations  have  used 
optical  methods.  Measurements  of  optical  turbidity  are 
relatively  easy  to  make  and  may  be  done  quickly.  The  evalu¬ 
ation  of  the  results,  however,  is  difficult  because  the 
optical  measurements  vary  not  only  with-  the  concentration  of 
suspended  matter,  but  also  with  the  size  distribution,  with 
the  indices  of  refraction  of  the  particles,  and  with  other 
properties.  Most  of  the  centrifuge  studies  have  been  made 
by  the  Russians .  The  main  advantage  of  the  centrifuge  tech¬ 
nique  is  that  large  water  samples  can  be  analyzed.  Lis its in 
(1961)  reports  that  water  samples  of  100-200  tons  have  been 
processed  in  their  studies  of  oceanic  suspended  matter.  In 
regions  where  the  concentration  of  suspended  matter  is  low 
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and  where  the  suspended  matter  is  inhomogeneous ly  distributed, 
large’  samples  are  needed  to  determine  average  conditions.  The 
centrifuge  method  has  a  number  of  disadvantages.  Centrifuge 
analyses  are  time  consuming  and  require  apparatus  too  bulky 
to  be  easily  accomodated  aboard  the  small  vessels  usually 
available  for  oceanography.  In  addition,  the  method  has 
limited  success  in  removing  particles  with  specific  gravities 
close  to  one,  and  when  small  amounts  of  recovered  sediment 
are  under  study  losses  in  the  transfers  required  by  the 
technique  can  become  critical. 

Filtration  studies  require  very  little  equipment,  and 
analyses  of  water  samples  of  two  liters,  or  less,  are  relatively 
quick  and  easy  to  make.  In  well-mixed,  turbid  areas  where  the 
suspended  solids  of  small  volumes  of  water  are  representative 
of  those  of  much  larger  volumes  of  water,  filtration  of  a 
large  number  of  small  water  samples  provides  more  information 
than  can  be  obtained  from  the  few  large  samples  which  can  be 
centrifuged  in  a  comparable  time.  It  was  for  this  reason  that 
most  of  the  samples  for  this  study  were  collected  by  filtration. 
Two  kinds  of  filters  were  used,  metal  membrane  filters  and  cel¬ 
lulose  membrane  filters,  the  first  to  collect  material  for  mass 
determinations,  and  the  second  to  collect  material  for  micro¬ 
scopic  examine.tion.  The  metal  membrane  filters  were  chosen  in 
preference  to  cellulose  membrane  filters  for  mass  determinations 
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because  they  require  no  pretreatment,  and  are  not  hygroscopic. 
Samples  collected  in  this  way  are  not  amenable  to  microscopic 
examination.  Smaller  auxiliary  samples  were  collected  on 
cellulose  filters.  These  filters  can  be  made  transparent  by 
the  application  of  liquid  whose  index  of  refraction  approxi¬ 
mates  that  of  the  filter. 

The  upper  Chesapeake  Bay  is  a  good  area  for  an  intensive 
study  of  suspended  sediment.  The  area  is  small,  and  has  only 
one  principal  fluvial  source— the  Susquehanna.  It  is  a  fluvio- 
marine  region  of  fine-grained  sedimentation  in  which  suspension 
is  the  primary  mode  of  transportation,  and  in  which  the  con¬ 
centration  of  suspended  matter  is  always  relatively  high. 

The  study  of  the  suspended  sediments  of  natural  waters 
is  important  from  a  number  of  standpoints.  Suspended  sediments 
are  an  important  proximate  source  of  material  for  bottom  sedi¬ 
ments  in  regions  of  fine-grained  sedimentation,  and  they  are  a 
key  factor  in  explaining  the  textural  and  mineralogical  com¬ 
positions  of  the  associated  bottom  sediments.  There  is  also  a 
need  for  more  comparisons  of  bottom  pediments  with  the  sedi¬ 
ments  of  overlying  waters  in  order  to  establish  and  evaluate 
paleogeographic  and  paleooceanographic  indicators. 

Suspended  sediments  are  extremely  important  geochemically 
both  as  a  reservoir,  and  as  a  site  for  exchange  and  sorption 
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In  addition  they  are  important  biologically  because 
organisms  and  their  iegredation  products  are  an  important 
constituent  and  because  suspended  matter  represents  an  im¬ 
portant  storehouse  of  food  for  suspension  feeding  organisms. 

The  Chesapeake  Bay  proper  and  its  tributaries,  Fig.  1, 
form  one  of  the  largest  estuarine  systems  on  Barth.  Ibr  con¬ 
venience  of  discussion  the  term  "Bay"  will  mean  "Bay  proper" 
unless  otherwise  qualified.  The  term  estuary  has  been  defined 
in  various  ways.  Pritchard's  (1952)  definition  is  used  in 
this  paper.  Pritchard  defines  an  estuary  as  a  semienclosed 
coastal  body  of  water  having  free  connection  with  the  open 
sea  and  measurable  dilution  of  sea  water  by  land  drainage. 

The  Bay  is  approximately  3lU  km  long,  varies  in  width  from 
5-5  to  56  km,  covers  an  area  of  about  6. OS  x  10  km  ,  and 
has  a  mean  low  water  volume  of  approximately  5. 07  x  1010  m5. 
Its  long  axis  runs  approximately  North-South,  and  its  mouth 

faces  East.  The  Bay  and  its  tributaries5  cover  an  area  of 

3  2 

approximately  11.53  x  10  km  and  has  a  mean  low  water  volume 
of  7.46  x  1010  m5.  The  Chesapeake  Bay  system  is  located 

2  This  and  other  statistics  in  this  section  have  been  pro¬ 
vided  by  Vfta.  Cronin. 

5  The  upper  limits  of  the  estuarine  system  are  defined  as  the 
mean  limits  of  measurable  salt  water  intrusion. 


g.  1  The  Chesapeake  Bay  Estuarine  System 
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entirely  within  the  Atlantic  Coastal  Plain  and  is  surrounded 
by  the  low,  rolling  Maryland  and  Virginia  countryside. 

For  the  geologist  or  physical  geographer,  the  Chesa¬ 
peake  Say  is  a  classic  example  of  a  submerged  river  valley, 
ria  coast ,  or  coastal  plain  estuary1* .  Shepard  ( 1963 )  would 
term  it  a  primary  or  youthful  coast  since  its  configuration 
is  due  largely  to  the  sea  coming  to  rest  against  a  land  form 
which  has  been  shaped  mainly  by  terrestrial  agencies. 

The  Chesapeake  Bay  system,  according  to  Stephenson, 

Cooke,  and  Hinsfield  (1953),  originated  during  Pliocene  time 
when  the  region  was  upwarped  and  the  now  drowned  valleys  of  the 
Chesapeake  Bay  and  its  tributaries  were  eroded  in  the  uplifted 
sediments.  They  believe  that  the  Atlantic  Coastal  Plain  was 
stable  during  the  Pleistocene  in  the  Chesapeake  Bay  region. 

The  Chesapeake  Bay  system,  however,  was  alternately  flooded 
and  exposed  due  to  the  large  fluctuations  of  sea  level  caused 
by  the  alternate  advance  said  retreat  of  the  continental 
glaciers.  At  the  end  of  the  Pleistocene  the  region  was 
drowned  by  the  rise  in  sea  level  due  to  deglaciation.  This 
drowning  resulted  in  the  dismemberment  of  the  lower  part  of 

4  For  the  physical  oceanographer  whose  interest  is  in  the  move¬ 
ment  of  the  water  and  what  drives  it,  it  is  a  partially  mixed 
°r  Type  B  estuary  (Pritchard.  1955)*  The  physical  oceanographer’s 
classification  system  is  based  upon  the  advect ion-diffusion 
equation  for  salt. 
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the  former  Susquehanna  valley  system.  The  rivers  previously 
tributary  to  the  Susquehanna  became  tributary  to  the  broad 
Chesapeake  Bay  estuary.  From  an  examination  of  Coast  and 
Geodetic  Survey  charts  and  the  available  geologic  data,  It 
seems  likely  that  the  James  River  reached  the  sea  separately 
prior  to  submergence,  but  that  the  York  and  all  rivers  to  the 
North  were  tributaries  of  the  Susquehanna. 

The  Chesapeake  Bay  system  is  shallow  having  a  mean 
depth  of  less  than  8.5  m  for  the  Bay  and  less  than  6. 5  m 
for  the  Bay  and  its  tributaries.  The  deepest  portion  of  the 
Bay,  with  depths  to  nearly  50  m,  occurs  in  a  long  narrow 
channel.  Fig.  2,  which  according  to  Ryan  (1955),  is  the  part 
of  the  ancient  Susquehanna  River  valley  which  has  not  been 
f.illed  with  post-Pleistocene  sediments. 

Local  studies  of  Chesapeake  Bay  bottom  sediments  have 
been  made  by  Young  (1962),  Biggs  (1963),  and  Harrison,  lynch, 
and  Altschaeffl  (1964).  The  most  extensive  study  was  made  by 
Ryan  (1953)  who  analyzed  209  bottom  samples  taken  from  all 
parts  of  the  Bay  proper.  A  map  of  the  bottom  sediment  distri¬ 
bution  is  presented  in  Plate  1  of  his  paper.  Planimetry  of 
Ryan's  chart  shows  approximately  51  percent  of  the  Bay  floored 
with  clayey  silt,  12  percent  with  fine  and  very  fine-grained 
sand,  and  approximately  37  percent  with  medium-grained  sand. 
Sands  occur  only  rarely  away  from  near-shore  areas.  The  region 
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around  Tangier  Sound-Smith  Island  is  the  notable  exception. 
Near  the  mouth  of  the  Bay  sand  is  characteristic.  The  Bay 
channel,  large  areas  west  of  it,  and  most  of  the  tributary 
channels  are  floored  with  black  and  grey  clayey  silt. 

Ibr  92  mud  samples  Ryan  found  an  average  content  of 
silt  and  clay  together  of  Bb  percent  by  weight.  Ibr  7^  of 
the  92  samples  he  found  that  clay  alone  made  up  an  average  of 
2b  percent  by  weight.  The  major  mineral  constituent  of  the 
silt  is  quartz,  and  the  major  clay  minerals  are  chlorite, 
illite,  and  kaolinite. 

Our  knowledge  of  the  suspended  sediments  of  the 
Chesapeake  Bay  is  meager  compared  with  our  knowledge  of  the 
bottom  sediments.  Previous  knowledge  has  been  based  largely 
on  indirect  measurements. 

Burt  (1952,  1953,  1955a, b)  made  over  25000  light  ex¬ 
tinction  measurements  with  a  Beckman  Model  HI  Quartz  Prism 
Spectrophotometer.  He  estimated  the  size  distribution  ana 
the  concentration  of  suspended  matter  from  his  measurements  on 
the  basis  of  the  Mie  Theory.  He  reported  only  eleven  direct 
detenainations  of  suspended  load,  however,  and  reported  no 
direct  determination  of  either  the  size  distribution  or  the 
composition  of  the  suspended  matter  (Burt,  1955a). 

Bond  and  Meade  (1966)  analyzed  eleven  surface  samples 
collected  from  the  Chesapeake  Bay  during  the  period  6-9  June 
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ly65 •  They  determined  the  concentration  of  suspended  matter  by 
filtration  and  the  percent  of  the  total  load  lost  by  ignition. 
They  also  determined  the  size  distribution  of  the  recognizable 
mineral  gr  iins  by  i”.:croscopy. 

In  addition  to  the  author's  work,  work  on  the  suspended 
solids  of  the  upper  Bay  by  R.B.  Biggs  of  the  Chesapeake  Biolo¬ 
gical  Laboratory  is  in  progress.  Biggs  and  the  author  have 
cooperated  in  setting  up  their  respective  sampling  programs 
to  minimize  duplication,  and  to  improve  coverage  of  the  area 
both  spatially  and  temporally. 

The  present  study  offers  the  first  substantial  information 
on  the  spatial  and  temporal  variations  in  the  suspended  load, 
its  sources,  it"  size  distribution,  and  its  composition  for 
any  segment  of  the  Chesapeake  Bay. 
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THF  STUDY  AREA 

HYPSCMETRY 

The  region  of  the  Bay  investigated  extends  from  Tolchester 
(39°12* )  tc  Turkey  Point  (39*27'),  Fig.  2. 

The  frequency  distribution  of  the  depths  of  this  area 
was  determined  from  Coast  and  Geodetic  Survey  Charts  5**9  and 
572.  The  charts  were  contoured  at  3  m  intervals,  and  enclosed 
areas  were  determined  by  overlaying  the  charts  with  tracing 
paper,  cutting  out  the  appropriate  areas  and  weighing.  Two 
independent  analyses  were  made.  Taking  the  total  area  as  100 
percent,  the  duplicate  determinations  of  the  partial  areas 
agreed  to  within  0.5  percent  in  every  case. 

The  largest  source  of  uncertainty  in  sucn  on  analysis 
is  in  the  placement  of  the  contours.  However,  the  density  of 
the  soundings  given  on  the  charts  is  high,  and  the  contouring 
was  carefully  checked,  so  any  changes  in  the  frequency  distri¬ 
bution  of  depth,  by  refinement  of  the  contouring,  would  be  minor. 

The  results  are  summarized  in  Fig.  3*  The  histogram 
and  the  cumulative  curve  show  that  the  area  is  extremely  shal¬ 
low.  More  than  90  percent  of  the  area  is  less  than  8  m  deep 
and  the  mean  depth  is  onl>  4.7  m.  It  is  also  significant  that 
nearly  all  areas  with  depths  greater  tnan  9  m  are  in  the  chan¬ 
nel,  much  of  which  is  maintained  by  dredging.  Fig.  2  shows 


Fig.  2  Map  of  Study  Area  Showing  All  Portions  Deeper  than  8 
in  Black. 


eo  Percent 


Depth  ( m) 

Fig.  3  Hypsometric  curve  of  th»>  Bay  from  Tolchester  to 
Turkey  Point  showing  the  area  shallower  than  any  depth  in 
cumulative  percent.  The  frequency  distribution  of  depths 
for  3m  intervals  is  also  shown. 


16 


all  areas  with  depths  greater  than  0  m.  The  shallowness  of 
the  area  is  an  important  factor  in  the  sedimentation. 

HYDROGRAPHIC  CONDITIONS 

The  seasonal  average  salinity  and  temperature  distri¬ 
butions  of  the  region  are  presented  as  vertical  sections  in 
Figs.  4  through  7*  The  seasons  were  defined  as  follows: 
spring,  15  March  -  15  June;  summer,  l6  June  -  30  September} 
autumn,  1  October  -  15  December}  winter,  16  December  -  14 
March.  The  seasonal  averages  were  constructed  by  averaging 
the  observed  data  over  the  defined  seasons.  Temperature  and 
salinity  observations  were  made  weekly  by  the  Chesapeake  Bay 
Institute  and  the  Chesapeake  Biological  Laboratory  on  an  alter¬ 
nate  basis  during  the  period  15  March  19 66  through  l4  March  1967- 

HffiSH  WATER  INFLOW 

The  Susquehanna  River  provides  more  than  97  percent  of 
the  fresh  water  inflow  into  the  Chesapeake  Bay  north  of  39*12'N. 
The  long  term  mean  discharge  at  the  Conowingc  Hydroelectric 
Plant,  which  is  located  about  nine  miles  above  Havre  de  Grace, 
is  approximately  3^ >800  cfs.  For  the  period  1  April  1966 
through  31  March  1967  however,  the  mean  discharge  was  only 
24,100  cfs.  Since  the  fall  of  1961  rainfall  in  the  drainage 
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Fig.  5  Average  temperature  and  salinity  along  the  channel  section 
in  the  upper  Bay,  Summer  1966  {16  June  -  30  September). 
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Fig.  6  Average  temperature  and  salinity  along  the  channel  section 
in  the  upper  Bay,  Autumn  1966  (1  October  -  15  December). 
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basin  of  the  Susquehanna  has  been  far  below  normal. 

The  rivers  which  flow  into  the  Bay  north  of  39°12'N, 
and  their  estimated  mean  flows  are  presented  in  Table  1. 

The  flow  data,  except  that  for  the  Susquehanna  River, 
were  provided  by  Carl  Seitz  (personal  communication). 

The  mean  flcv  of  the  Susquehanna  was  determined  by  averaging 
daily  discharge  records  for  a  38  year  period  from  the 
Conowingo  Hydroelectric  Plant.  Only  a  portion  of  the 
drainage  areas  for  tributary  streams  entering  the 
Susquehanna  River  and  the  Bay  below  Conowingo  is  gauged. 
However,  from  these  gauged  areas  the  average  runoff  in 
cfs  per  square  mile  of  drainage  area  was  determined. 

The  product  of  this  average  runoff  factor  times  the  total 
drainage  area  for  each  tributary  provides  the  values  of 
discharge  for  the  tributary  streams  given  in  Table  1. 


CONCENTRATION  OF  SUSPENDED  SOI, IDS 


Substances  are  present  in  natural  waters  in  true  solution, 
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TABLE  1 


Average  Discharge  of  Rivers  Flowing  into  the  Northern  Chesapeake 
Bay. 


River 

Mean  Flow  (cfs) 

Susquehanna  (at  Conowingo) 

34,800 

Streams  tributary  to  Susquehanna 
between  Conowingo  and  Havre  de  Grace 

4o6 

Northeast 

86 

Elk 

292 

Bohemia 

6o 

Sassafras 

100 

Back 

5Q 

Middle 

10 

Gunpowder 

135 

Bush 

154 

In  colloidal  suspension,  and  in  true  suspension.  The  boundaries 
between  these  three  states  are  determined  largely  by  particle 
size,  but  are  transitional  and  cannot  be  precisely  defined. 

Both  colloidal  suspensions  and  true  suspensions  are  two  phase 
systems  consisting  of  a  disperse  phase  (particles)  and  a  dis¬ 
persion  medium.  In  each,  a  definite  surface  of  separation 
exists  between  each  particle  and  the  dispersion  medium.  True 
solutions,  on  the  other  hand,  are  single  phase  systems  in  which 
true  surfaces  of  separation  are  not  found  between  the  molecular 
particles  of  solute  and  solvent. 

Colloidal  behavior  is  commonly  associated  with  particles 
in  the  5  nip  to  0.2  p  range — "...particles  larger  than  molecules  but 
not  large  enough  to  be  seen  in  the  (light)  microscope 
(Glas stone,  19^6,  p.  557)."  Some  authors  (e.g.,  Daniels, 
and  Alberty,  1961)  ascribe  colloidal  behavior  to  particles 
in  the  size  range  from  1  mp  to  1  p.  Nearly  all  other  in¬ 
vestigators  put  colloidal  particles  somewhere  within  this 
latter  range. 

Lisitsin  (1961)  in  his  studies  of  oceanic  suspended  sedi¬ 
ment  set  the  boundary  between  colloidal  and  suspended  particles 
at  10  p.  He  states  that  his  choice  of  boundary  was  dictated 
by  the  difficulty  of  obtaining  and  analyzing  particles  less 
than  10  p.in  size.  Although  there  is  some  freedom  in  the 
selection  of  this  boundary,  Lisitsin' s  choice  is  much  too  high. 
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In  many  environments  the  particles  less  than  10  p.  in  "diameter" 
account  for  more  than  75  percent  of  the  total  volume  and  mass 
of  suspended  master.  Lisitsin's  choice  of  boundary  is  not  as 
serious  as  it  might  seem  however,  since  many  of  his  samples 
were  collected  with  membrane  filters  of  0.7  p  APD. 

This  paper  is  concerned  with  the  suspended  particles  of 
the  upper  Chesapeake  Bay,  and  the  author  has  set  the  boundary 
between  suspended  and  colloidal  particles  at  about  0.5  p. 

The  particles  in  suspension  are  of  both  organic  and  in¬ 
organic  origin.  The  organic  component  consists  of  organisms 
and  their  degradation  products.  The  inorganic  component  con¬ 
sists  of  inorganically  precipitated  solids  and  particles 
produced  by  rock  erosion. 

The  concentrations  of  the  total  suspended  solids  can  be 
determined  directly  by  weighing  the  material  which  has  been  re¬ 
covered  by  either  filtration  or  centrifugation.  They  can  be 
estimated  indirectly  by  measuring  the  light  scattered  by  the 
suspended  particles.  In  this  study,  filtration  was  the  basic 
method  for  the  di  ect  determination  of  the  concentrations  of  the 
suspended  solids.  In  addition,  the  suspended  solids  were  re¬ 
moved  from  some  large  water  samples  by  combinations  of  settling 
and  filtering,  and  by  settling  and  centrifuging  with  a  con¬ 
tinuous  flow  centrifuge.  Optical  measurements  were  made  with 

5  Also  referred  to  as  suspended  sediment,  suspended  matter,  and 


seston. 
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a  Clarke  submarine  photometer,  a  Beckman  DU  spectrophotometer, 
and  a  Secchi  disc  in  an  attempt  to  relate  the  optical  pro¬ 
perties  to  the  concentration  of  suspended  matter.  These  will 
be  reported  on  elsewhere. 

Filtration  requires  little  equipment  and  the  analyses 
of  samples  of  2  liters  or  less  can  be  made  easily  and  quickly, 
thus  allowing  the  investigator  to  process  a  large  number  of 
samples  in  a  relatively  short  time.  In  well  mixed,  turbid 
areas  such  as  the  upper  Chesapeake  Bay,  the  suspended  solids 
of  small  (0.5-10)  volumes  of  water  are  representative  of  those 
of  much  larger  5 Oi)  volumes  of  water.  In  such  areas, 

filtration  of  a  large  number  of  small  w  ter  samples  provides 
more  information  than  can  be  obtained  from  the  few  large 
water  samples  which  can  be  centrifuged  in  a  comparable  time. 

In  addition,  centrifugation  has  limited  success  in  removing 
particles,  such  as  phytoplankton  and  sane  organic  aggregates, 
with  specific  gravities  close  to  that  of  the  surrounding  water. 

A  further  drawback  <ii'  the  centrifuge  method  is  that  any  losses 
of  the  small  amounts  of  sediment  during  the  transfers  required 
by  the  technique  can  become  critical.  In  regions  where  sus¬ 
pended  matter  is  very  inhomogeneous ly  distributed,  either  very 
large  water  samples  or  integrated  water  samples  must  be  analyzed 
to  ascertain  average  conditions.  In  such  situations,  continuous 
flow  centrifuges  provide  the  best  means  of  determining  the 
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concentrations  of  the  suspended  soiids. 

To  determine  whether  the  concentrations  of  suspended 
matter  in  small  volumes  were  representative  of  those  of  much 
larger  volumes  of  water,  the  concentrations  of  suspended  matter 
of  15  large  (18-50.0)  water  samples  were  compared  with  those  of 
a  paired  set  of  smaller  (0.5  -  10)  water  samples.  The  large 
samples  were  pumped  into  carboys  from  various  depths  at  several 
stations.  At  each  of  these  sample  depths,  five  small  water 
samples  were  filtered  through  47  mm,  0.45  p  AFD  metal  membrane 
filters.  The  filters  were  washed  with  distilled  water  to  re¬ 
move  any  sea  salt,  said  were  stored  in  individual  dessicators 
until  they  were  weighed  approximately  72  hours  later.  The 
carboys  were  returned  to  the  laboratory  and  left  undisturbed 
for  21  days,  av.  which  time  the  overlying  water  was  carefully 
decanted.  The  settled  solids  were  carefully  transferred  to 
a  weighed  beaker  and  placed  in  a  dessicator  for  approximately 
96  hours.  The  decanted  water  was  filtered  through  0.45  p 
metal  membrane  filters  which  were  then  dessicated  and  weighed. 
This  set  of  weights  was  added  to  the  appropriate  weights  of 
settled  solids,  and  the  concentrations  in  mg/i  were  calculated. 
The  results  are  summarized  in  Table  2.  In  later  tests  the  non- 
settled  sol:ds  were  extracted  from  the  d  tv  anted  water  with  a 
continuous  flow  centrifuge. 

A  glance  at  the  table  shows  that  the  agreement  and 
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TABLE  2 


Comparison  of  Large  ( 18-50  liter)  and  Small  (0.5-1  liter)  Samples 


Station 

and 

Date 

Sample 

Depth 

(m) 

Small  .Sample 
Volume  (/) 

Total  Large 

Suspended  Sample 
Solids  Volume 

(mg//)  (/) 

Total 
Suspended 
Solids 
(mg It) 

VF 

Surface 

0.5 

13*28 

50.4 

13.87 

21  Mar. 

1966 

0.5 

13-75 

18.6 

13.02 

0.5 

12.98 

0.5 

13.82 

0.5 

14.01 

VE 

Surface 

0.5 

17.16 

18. 5 

17.20 

21  Mar. 

1966 

0.5 

17.91 

18.8 

17.98 

0.5 

17.20 

0.5 

17.87 

0.5 

16.91 

VC 

0.5 

47.88 

49.4 

47.32 

21  Mar. 

1966 

1.0 

45.74 

18.1 

45.88 

0.5 

46.78 

0.5 

47.23 
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Tabic  2  Continued 


Station 

and 

Date 

Sample 

Depth 

(■) 

Small  Sample 
Volume  (i) 

Total  Large 
Suspended  Sample 
Solids  Volume 
(mg  A)  (i) 

Total 

Suspended 

Solids 

(mg/i) 

IV  E 

21  Mar. 

19  66 

Surface 

0.5 

24.34 

19.2 

24.78 

0.5 

24.79 

0.5 

23. 2e 

0.5 

25-00 

IV  D 

6 

0.5 

37-18 

18.2 

36.83 

21  Mar. 

1966 

0-5 

35-95 

18. 7 

34.27 

0.5 

36.78 

0.5 

35.26 

0.5 

34.84 

II  D 

Surface 

1.0 

15. 80 

47.2 

15.74 

21  Mar. 

1966 

0.5 

15.88 

1.0 

15-75 

0.5 

15.92 

0.5 

14.76 
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Table  2  Continued 


Station 

and 

Date 

Sample 

Depth 

(m) 

Small  Sample 
Volume  (i) 

Total 
Suspended 
Solids 
(mg ft) 

Large 

Sample 

Volume 

(i) 

Total 
Suspende< 
Solids 
(mg /l) 

SAS 

Surface 

0.5 

18. 53 

18.2 

18. 98 

22  Mar. 

19  66 

0.5 

17.16 

49.2 

17.35 

0.5 

18.21 

0.5 

17.99 

0.5 

I8.3I1 

IA 

Surface 

0.5 

23.76 

18.0 

23.90 

22  Mar. 

1966 

0.5 

24.71 

0.5 

24.26 

0.5 

22.97 

0.5 

23.84 

IE 

6 

0.5 

26,16 

18.0 

27.20 

22  Mar. 

% 

1966 

0.5 

26.92 

18.4 

25.33 

0.5  26.74 


0.5 


27-01 
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stability  of  the  suspended  sediment  concentrations  determined 
from  both  large  and  small  samples  is  very  good.  The  maximum 
difference  among  the  small  samples  of  a  single  set  never  ex¬ 
ceeded  9  percent,  the  maximum  difference  between  a  pair  of 
large  samples  never  exceeded  10  percent,  and  the  maximum  dif¬ 
ference  between  any  of  the  small  samples  and  one  of  its  paired 
large  samples  never  exceeded  8  percent.  Heeding  John  Gay's 
admonition,  "Lest  men  suspect  your  tale  untrue,  keep  probability 
in  view,"  *>e  author  applied  the  F-test  to  each  set  of  sus¬ 
pended  sediment  samples.  In  no  case  did  the  samples  differ 
at  the  1  percent  level. 

In  selecting  a  filter  pore  size  for  mass  determinations 
it  was  desirable,  because  of  the  higher  filtration  rate,  to 
select  the  largest  pore  size  which  still  retained  "all  of  the 
suspended  mass."  It  is  well  known  that  membranes  retain  a 
significant  amount  of  material  with  sizes  less  than  the  APD 
of  the  membrane  so  it  was  suspected  that  a  pore  size  larger 
than  0.5  p  could  be  used.  In  accordance  with  this,  0.8  p 
APD  membranes  were  tested.  Fifteen  one  liter  water  samples 
were  collected,  and  each  sample  was  filtered  through  an  0.8  p 
filter.  The  filtrate  from  each  of  the  samples  was  then  passed 
through  an  0.2  p  metal  membrane  filter.  All  of  the  membranes 
were  dessicated  in  individual  dessicators  for  72  hours  and 
weighed.  The  data  are  given  in  Table  3*  It  is  obvious  from 
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TABLE  3 

Suspended  Sediment  Retention  Characteristic  of  0.8  p  APD 
Metal  Membranes. 


Mass  of  Sediment  Mass  of  Sediment  passed  by  0.8  p 

Sample  No.  Retained  by  0.8  p  Membrane,  but  retained  by 
Membrane,  (mg)  0.2  p  Membrane,  (mg) 
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the  data  in  Table  3  that  the  O.B  p  membranes  remove  virtually 
all  of  the  mass  of  suspended  solids.  In  only  three  cases  did  the 
mass  of  filter  passing  material  exceed  the  precision  (±  0.02  mg) 
of  the  balance. 

Later  tests  on  1.2  p  membranes  indicated  that  these  could 
also  be  safely  used  to  determine  the  concentrations  of  sus¬ 
pended  matter,  but  it  was  decided  to  continue  using  the  0.8  p 
membranes,  Foolish  consistency  may  be  the  hobgoblin  of  little 
minds,  but  the  author  had  nearly  a  thousand  0.6  p  reasons  to 
be  consistent. 

Metal  membrane  filters6  were  chosen  over  the  more  com¬ 
monly  used  cellulose  membrane  filters.  The  metal  membranes 
currently  available  are  made  of  pure  silver,  and  come  in  most 
of  the  same  pore  sizes  as  do  cellulose  filters.  They  are 
superior  to  cellulose  filters  for  mass  determination  in  several 
respects  (Schubel,  1967).  They  do  not  contain  any  soluble 
material  as  do  cellulose  filters  and  hence  require  no  pre¬ 
soaking.  Unlike  cellulose  membranes,  they  are  not  hygroscopic, 
so  they  can  be  weighed  without  preliminary  dessication.  They 
are  much  less  susceptible  to  electrostatic  charges  than  cel¬ 
lulose  membranes,  but  they  should  still  be  weighed  under  an 

6  Available  from  Selas  Flotronics,  Box  300,  Spring  House, 


Pa.  19^77* 


33 


alpha-emitting  source^ .  The  metal  membranes  have  no  tendency 
to  curl  as  do  presoaked  and  dessicated  cellulose  membranes, 
and  are  consequently  much  easier  to  nandle--an  important  con¬ 
sideration  if  field  work  aboard  a  rolling  and  pitching  vessel 
is  to  remain  tolerable.  The  metal  membrane  filters  have  the 
disadvantage  of  costing  nearly  three  times  as  much  as  cellulose 
filters.  They  can  however,  be  backwashed  and  reused  if  they 
have  not  been  heated  above  370  C. 

Before  each  cruise  the  required  number  of  metal  membrane 
filters  were  weighed  on  a  Mettler  Hl6  balance,  and  placed  in 
individual  aessicators  similar  to  those  described  by  Winneberger 
et.  al.,  1963.  Each  dessicator  carried  the  filter  identifi¬ 
cation  number,  and  the  initial  filter  weight.  The  use  of 
individual  dessicators  greatly  facilitates  identification  of 
samples  and  helps  reduce  mistakes  in  logging  results.  It  also 
speeds  up  the  final  weighing  process  since  there  is  no  waiting 
time  between  weighings.  Because  suspended  matter  is  generally 

1 

hygroscopic,  it  must  be  dessicated  before  its  mass  is  determined. 
If  a  number  of  filters  and  their  sediment  loads  are  placed 

7 

The  Staticmaster  Ionizing  Unit,  Model  No.  2U500  mounted  on  a 
Flexible  Arm  Staticmaster  Positioner  BF1  available  from  Nuclear 
Products  Co.,  10173  E.  Rush  St.,  El  Monte,  California  has  been 
found  to  be  most  useful. 
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together  in  a  large  dessicator,  approximately  15-30  minutes 
are  required  between  weighings — the  time  necessary  for  the  re¬ 
equilibration  of  the  water  content  of  the  dessicant  with  the 
filters  and  their  suspended  matter. 

The  individual  dessicators  are  made  from  4-ounce, 
squat-form  jars.  The  jars  are  filled  with  about  three-quarters 
of  an  inch  of  dessicant  (active  silica  gel  in  this  case) 
into  which  is  stuck  a  short,  about  30  mm,  length  of  glass 
tubing  or  plastic  pipe  of  about  4o  nun  O.D.  The  weighed  filter 
rests  on  top  of  the  tubing. 

The  following  sampling  procedure  was  used  by  the  author. 
Water  samples  were  pumped  into  one  gallon  jugs  on  deck  by 
lowering  a  submersible  pump  to  the  desired  sampling  depths. 
Within  5  minutes  after  collection,  each  jug  was  swirled 
vigorously,  two  500  to  1000  ml  samples  were  measured  out  with 
a  graduated  cylinder,  and  filtered  through  0.8  p  metal  membrane 
filters.  The  filters  were  washed  several  times  with  distilled 
watei  uo  remove  any  a  salt,  and  were  then  placed  in  their 
individual  dessicators.  A  small  strip  of  aluminum  foil  was 
placed  under  the  edge  of  each  membrane  on  the  filter  support 
to  facilitate  removal  of  the  membranes  after  filtration 
(Banse,  Phils,  and  Hobson,  1963). 

The  filters  and  their  suspended  solids  were  dessicated 
at  ambient  temperature  for  at  least  72  hours  before  weighing. 
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At  the  beginning  of  the  study  a  network  of  17  stations 
was  established,  Fig.  8.  Except  for  the  deletion  of  station 
IA  after  the  ninth  cruise,  the  original  station  pattern  was 
maintained  for  the  entire  study.  Sampling  was  done  monthly 
for  the  first  four  months,  and  approximately  every  two  weeks 
for  the  next  eight  months.  The  sampling  interval  was  shortened 
to  five  days  during  the  period  of  high  runoff  in  >'iarch  of  1967 • 

At  stations  deeper  than  4  m  samples  were  collected 
from  at  least  three  depths — surface,  mid-depth,  and  1  m  off 
the  bottom.  At  stations  deeper  than  8  m  additional  samples 
were  collected  from  intermediate  depths.  At  the  three  stations 
shallower  than  4  m  (IIB,  HIE,  SAS),  samples  were  collected 
only  from  the  surface  and  1  m  off  the  bottom.  Generally  two 
500  to  1000  ml  water  samples  were  filtered  from  each  sample 
depth . 

It  was  not  always  possible  to  occupy  all  of  the  stations 
on  each  cruise  because  of  bad  weather  or  other  complications, 
but  the  program  was  followed  as  closely  as  possible.  The  dates 
of  the  cruises  and  other  pertinent  sampling  data  are  summar¬ 
ized  in  Table  4. 

The  concentrations  of  the  total  suspended  solids  are 
summarized  in  Figs.  9  through  45.  The  data  from  each  cruise 
are  presented  as  vertical  sections  in  Figs.  9  through  30*  In 
figures  31  through  37  the  surface  and  mid-depth  concentrations 


Cruise 

No. 

Cruise 

Dates 

No.  of 

Stations 

Occupied 

No.  of 
Depths 
Sampled 

No.  of  Mass 
Determinations 

No.  of 

Determinations 
of  Combustible 
Organic  Matter 

1 

21-22  Mar. 

17 

48 

73 

47 

2 

5-6  May 

11 

32 

58 

29 

3 

31  May-1  June  15 

42 

91 

4l 

4 

27-28  June 

17 

47 

92 

47 

5 

11-12  July 

17 

48 

94 

45 

6 

25-26  July 

17 

46 

88 

46 

7 

8-9  Aug. 

17 

48 

88 

48 

8 

22-23  Aug. 

17 

42 

89 

56 

9 

6-7  Sept. 

17 

57 

73 

70 

10 

19-20  Sept 

16 

52 

97 

59 

11 

3-4  Oct. 

16 

52 

85 

49 

12 

17-18  Oct. 

16 

53 

81 

58 

13 

1  Nov. 

16 

53 

74 

58 

l4 

l4  Nov. 

16 

54 

76 

60 

15 

30  Nov. -1 

Dec. 

16 

56 

79 

59 

16 

13-14  Dec. 

14 

56 

65 

60 

17 

28-29  Dec. 

15 

49 

68 

55 

38 


Table  4  Continued 


Cruise 

Ho. 

Cruise 

Dates 

Ho.  of 

Stations 

Occupied 

No.  of 
Depths 
Sampled 

No.  of  Mass  No.  of 

Determinations  Determinations 
of  Combustible 
Organic  Matter 

1967 

18 

12-13  oan. 

12 

58 

77 

60 

19 

25  Jan. 

x(24). 

5  x  (24) 

172 

49 

20 

14-15  Feb. 

l(!6)*** 

5  x  (l6)+28  154 

78 

21 

9-10  Mar. 

18 

75 

127 

51 

22 

15  Mar. 

6 

4i 

66 

21 

23 

20  Mar. 

8 

60 

103 

36 

TOTALS 

358 

1297 

2070 

1182 

*  Anchor  station,  observed  24  times 

«  . 

Anchor  station,  observed  16  times 
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of  the  total  suspended  solids  at  the  channel  stations  (SUS,  IE, 

133),  IIIC,  and  VF)  are  plotted  04a,  1st  distance  to  show  the 

relationship  between  the  suspended  sediment  concentrations 

in  the  Susquehanna  River  and  those  in  the  adjacent  Bay.  .Sandies 

collected  from  below  mid-depth  have  not  been  included  in  Figs. 

31  through  37  because  they  are  too  strongly  influenced  by 
0 

tidal  scour  .  Seasonal  averages  of  the  total  suspended  solids 
are  presented  in  vertical  channel  sections  in  Figs.  38  and  39. 

Several,  significant  features  of  the  suspended  sediment 
distribution  emerge  from  these  figures.  These  features  will 
be  enumerated  here,  but  discussion  will  be  deferred  until  the 
section  on  sedimentation  processes. 

(1)  The  concentrations  of  suspended  solids  in  the  Bay 
proper  were  greater  than  5  mg/i  throughout  the  year  with  the 
maxima,  greater  than  110  mg/l,  occurring  during  the  time  of 
spring  thaw  and  high  river  flow. 

(2)  The  concentrations  of  suspended  solidB  in  the  Bay 
proper  were  higher  than  those  In  the  Susquehanna  River  at  all 
times  except  during  the  spring  period  of  high  river  flow. 

(3)  At  any  location  the  concentration  of  suspended  solids 
generally  increased  with  depth  with  the  maximum  occurring  near 

^  At  stations  in  depths  of  about  10  m,  fluctuations  in  the  sus¬ 
pended  sediment  concentrations  which  were  clearly  related  to 
tidal  currents  were  observed  below  6  m. 
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the  bottom.  The  only  time  when  marked  departures  from  this 
pattern  occurred  vas  during  a  brief  period  of  peak  spring 
runoff  when  at  several  stations  very  high  concentrations  were 
observed  near  che  surface  <*nd  near  the  bottom,  with  lower 
values  at  intermediate  depths.  This  feature  is  going  to  be 
investigated  further  in  the  soring  of  1968. 

(4)  The  concentrations  of  suspended  solids  at  any  depth 
were  more  frequently  higher  on  the  western  side  of  the  Bay 
than  on  the  eastern  side. 

(5)  At  depths  below  about  2  ra  the  concentration  of 
suspended  solids  generally  dropped  quite  sharply  between 
stations  3YP  and  VF. 

(6)  The  seasonal  averages.  Figs.  38  and  39,  show  that 
during  the  summer  and  fall  the  sediment  distribution  patterns 
were  very  similar,  and  that  during  this  time  the  concentrations 
of  suspended  sediment  were  considerably  lower  than  during  the 
winter  and  spring. 

The  surface  and  mid-depth  concentrations  of  suspended 
sediment  at  each  station  are  plotted  against  the  date  when 
each  sample  was  collected  in  Figs.  40  through  We  are  in¬ 
terested  in  seasonal  patterns  of  suspended  sediment  concentration. 
Of  the  data  available,  only  the  samples  frvu  the  upper  part  of 
the  water  column  can  be  expected  to  reflect  seasonal  pattt-ras 
clearly.  Samples  taken  near  the  bottom  are  too  strongly 
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Influenced  by  tidal  currents  and  the  phase  of  the  tide  at  which 
they  were  collected. 

During  periods  of  moderate  river  flow  the  sampling  in¬ 
terval  was  usually  two  weeks,  and  the  concentrations  generally 
showed  relatively  small  variations  over  this  interval.  During 
high  river  discharge  when  suspended  sediment  concentrations 
changed  rapidly,  the  sampling  interval  was  shortened.  The 
data  from  Figures  4o  through  45  are  summarized  in  Table  5* 

From  Figs.  4o  through  45  we  conclude  the  following: 

(1)  The  surface  and  mid-depth  concentrations  of  sus¬ 
pended  sediment  at  the  Susquehanna  River  station  were  nearly 
equal  throughout  the  year,  and  were  quite  low  except  during 
late  February  and  March  when  river  flow  was  very  high.  From 
mid-May  1966  through  January  1967  concentrations  averaged  5  mg/l, 
while  values  greater  than  l4o  mg/l  were  recorded  in  March 
during  peak  river  flow. 

(2)  At  most  of  the  stations  within  the  Bay  the  maximum 
surface  and  mid-depth  concentrations  of  suspended  sediment 
occurred  during  the  spring  and  were  clearly  determined  by  the 
Susquehanna  River — the  primary  source  of  fluvial  sediment  in 
the  region. 

At  four  of  the  shallow,  less  than  6  m,  stations  (IIIE, 

IVE,  VC,  and  VE),  and  at  two  stations  located  in  about  6  m  of 
water  (ila  and  IVB)  the  maximum  concentrations  were  recorded 
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during  periods  of  high  winds  and  rough  seas.  Observations  were 
not  made  at  any  of  these  stations  on  the  day  when  peak  sus¬ 
pended  sediment  concentrations  associated  with  high  spring 
runoff  were  recorded  at  the  channel  station  of  the  corres¬ 
ponding  section.  However,  from  observed  lateral  gradients  in 
suspended  sediment  concentration  it  seeds  probable  that  peak 
spring  values  would  not  have  exceeded  previously  recorded 
maxima  except  at  stations  IVB  and  IVE,  and  perhaps  at  IIIE. 

(3)  In  eighteen  of  the  twenty-eight  sets  of  data 
presented  in  Figs.  40  through  45,  the  fractional  mean 
deviation  of  the  suspended  sediment  concentration  was  less 
than  27  percent,  and  in  only  one  case  (iHA-surfaee)  did  it 
exceed  50  percent.  In  general,  the  fluctuations  in  the  sus¬ 
pended  sediment  concentration  were  less  at  the  deeper  stations 
than  at  the  shallower  stations,  and  the  fluctuations  on  the 
eastern  side  of  the  Bay  were  less  than  those  on  the  western 
side  at  the  same  cross-section. 


Combustible  Organic  Matter 

The  total  particulate  organic  matter  was  estimated  in 
over  half  of  the  samples  by  determining  the  loss  of  weight  of 
the  total  solids  on  ignition.  The  samples  were  combusted  on 
the  silver  filters  in  Vycor  crucibles  at  475  C  for  thirty 


niinutes.  Seasonal  averages  of  the  percent  of  the  total  sus¬ 
pended  solids  accounted  for  by  combustible  organic  matter  are 
presented  as  vertical  channel  sections  in  Figs.  46  and  47. 

The  seasons  are  defined  as  before:  spring,  15  March-15  June; 
sunner,  16  June-30  September;  autumn,  1  October-15  December; 
winter,  16  December-14  March. 

During  the  summer  and  autumn  when  the  concentrations  of 
total  suspended  solids  were  relatively  low,  the  combustible 
organic  matter  accounted  for  a  greater  percent  of  the  total 
eolids  than  it  did  during  the  winter  and  spring  when  the  con¬ 
centrations  of  total  suspended  solids  were  higher.  At  stations 
within  the  Bay  the  concentrations  of  combustible  organic  mat¬ 
ter  were  highest  during  the  spring  and  simmer  averaging 
nearly  5  mg/l,  and  lowest  in  the  winter  when  they  averaged 
only  about  3  ®g/l«  The  autumn  mean  concentration  of  com¬ 
bustible  organic  matter  was  less  than  4  mg/l. 
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Statistics  Based  on  Eata  Presented  in  Figs.  4o  Through  4^.  ] 


15  May  1966 

-  1  February  1967 

21  March  1966- 

20  March  1967 

Station 

Concentration  of 

and 

Suspended  Solids 

Maximum 

Depth 

Fractional 

Concentration 

Mean 

Mean 

Date 

Mean 

Range 

Deviation  Deviation 

Value 

of 

(mg/l) 

(mg/l) 

(mg/l) 

(%) 

(mg/l) 

Obs. 

sus  (13.5m) 

surface  4.3 

2.4-11.7 

1.8 

42 

l4l.0 

9  III  67 

mid-depth  5-2 

2.4.13.7 

1.8 

35 

136.2 

9  HI  67 

IC  (6.5m) 
surface  11. 5 

6.9-20.0 

3.0 

2o 

113.4 

10  III  67 

mid-depth  12-9 

7-7-19-0 

3-4 

26 

117.4 

10  III  67 

IE  (12.5m) 
surface  12.8 

8.0-17.8 

2.6 

20 

53.6 

10  hi  67 

mid-depth  18.0 

9.5-22.6 

3-7 

21 

43.6 

10  III  67 

IIB  (3-0m) 
surface  13*9 

7.6-22.2 

3-6 

26 

51.6 

9  HI  67 

IID  (12.0m) 
surface  12.0 

6.7-57.5 

4.0 

33 

58.7 

9  III  67 

mid-depth  14.3 

8.2-32.5 

4.1 

29 

52.4 

15  II  67 

IIE  (6.5m) 
surface  10. 3 

6.7-23.4 

2.6 

25 

34.4 

9  III  67 

mid-depth  11. 9 

8.1-22.3 

2.8 

24 

40.0 

9  III  67 

IIIA  (8.0a) 
surface  18. 3 

8.3-84.8 

10.5 

57 

84.8 

14  XII  66 

mid-depth  27*0 
IIIO  (12.0m) 

9.3-65.0 

6.6-20.4 

10.4 

39 

65.O 

14  XII  66 

surface  11. 0 

2.5 

23 

66.5 

15  III  67 

mid-depth  15 »0 

9.0-28.7 

3.8 

25 

68.6 

15  III  67 

IIIE  (3.5m) 
surface  13*6 

6.9-32.2 

4.6 

3^ 

53.5 

21  III  66 

55*5  21  III  66 
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TABLE  5  Continued 


15  May  1566  -  1  February  1967 


Concentration  of 


Station 


Suspended  Solids 


and 

Depth 


Mean  Range 
(mg/l)  (mg/l) 


Mean 

Deviation 


(mg/l) 


Fractional 

Mean 

Deviation 

(%> 


21  March  1966- 
20  March  1967 


Maximum 

Concentration 


Value 

(mg/l) 


Date 

of 

Obs. 


IVB  (8. Cta) 
surface  13*6 

7*1-31*0 

4.0 

29 

39.7 

21  III  66 

mid-depth  18.6 

11.0-30.8 

4.7 

25 

55.4 

21  III  66 

3VD  (12. cm) 
surface  9*9 

6.0-15*6 

1.8 

ie 

70.2 

15  III  67 

mid-depth  16.8 

10.9-28.4 

4.2 

25 

38.0 

15  III  67 

IVE  (5*5m) 
surface  10.0 

6.3-16.0 

1-7 

17 

24.3 

21  III  66 

mid-depth  11.0 

7*0-18.1 

2.2 

20 

20.3 

21  m  66 

VC  (5. cm) 
surface  l4.0 

7*2-20.8 

3-9 

28 

37.2 

21  III  66 

mid-depth  17*3 

6.4-28.4 

6.2 

36 

47.4 

21  III  66 

VE  (5*5m) 
surface  9*7 

6.0-18.7 

1.9 

20 

18. 7 

30  XI  66 

mid-depth  11.0 

6.3-19.7 

2.8 

25 

19.7 

30  XI  66 

VF  (Ip. On) 

surface  7*9  5*2-11.0  1.4 
mid-depth  11.0  7*6-18.0  2.1 


18 

19 


50.1  15  in  67 
20.3  20  in  67 


Distribution  of  total  suspended  solids  (mg/l)  on  21-22  March  1966  (Cruise  1). 
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ig.  11  Distribution  of  total  suspended  solids  (mg/l)  on  31  May  -  1  June  1966  (Cruise  3). 


Fig.  12 


if.  13  Distribution  of  total  suspended  solids  (mg/l)  on  11-12  July  1966  (Cruise  5). 


14  Distribution 


ig.  16  Distribution  of  total  suspended  solids  (mg/l)  on  22-23  August  1966  (Cruise  8). 


ig  17  Distribution  of  total  suspended  solids  (mg/l)  on  6-7  September  1966  (Cruise  9). 


Fig.  19  Distribution  of  total  suspended  solids  (mg/l)  on  3-4  October  1966  (Cruise  11). 


20  Distribution  of  total  suspended  solids  (mg/l)  on  17-18  October  1966  (Cruise  12). 


ig.  21  Distribution  of  total  suspended  solids  (mg/l)  on  1  November  1966  (Cruise  13). 


Fig.  22  Distribution  o£  totsl  suspsndsd  solid.  (mgA)  on  14  Novemb.r  1966  (Cruis.  14). 


24  Distribution  of  total  suspended  solids  (mg/l)  on  13-14  December  1966  (Cruise  16). 


25  Distribution 


Fig.  26  Distribution  of  total  suspended  solids  (mg/l)  on  12-13  January  1967  (Cruise  18). 


'ig.  27  Distribution  of  total  suspended  solids  (mg/l)  on  14-15  February  1967  (Cruise  20). 
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rig.  29  Distribution  of  total  suspended  solids  (mg/l)  on  15  March  1967  (Cruise  22). 
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Fig.  32  Surface  and  Mid- Depth  Concentrations  of  Suspended 
Sediment  at  the  Susquehanna  River  Station  and  Channel  Stations 
within  the  Bay. 
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Fig.  40  Surface  and  Mid-Depth  Concentrations  of 
Suspended  Sediment  at  Station  SUS  plotted  against 
the  Date  of  Sample  Collection. 
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Fig.  43  Surface  and  Mid -Depth  Concentrations  of 
Suspended  Sediment  at  Stations  IIIA,  IIIC,  and  HIE, 
plotted  against  the  Date  of  Sample  Collection. 
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SIZE  ANALYSIS 

INTRODUCTION 

Only  two  methods  of  particle  size  analysis  have  been 
widely  used  for  sizing  particles  in  the  subsieve  range — micro¬ 
scopic  analysis  and  sedimentation.  In  addition,  optical  methods 
based  on  light  scattering  have  frequently  been  used  to  study 
one  type  of  fine-grained  particles--suspended  sediment. 

Microscopy  is  the  most  direct  of  all  particle  sizing 
methods,  and  is  frequently  used  as  a  calibration  technique  for 
other  methods.  Microscopic  examination  can  provide  information 
on  particle  shape  and  composition  as  well  as  size.  However, 
microscopic  procedures  are  tedious,  time  consuming,  and  fre¬ 
quently  inaccurate— particularly  for  broad  size-distributions. 

The  lower  limit  of  the  range  of  measurement  is  set  by  the  limit 
of  resolution  of  the  microscopic  set-up  which  is  being  used. 

Table  6.  Although  there  is  no  corresponding  upper  limit  imposed 
by  the  optical  system,  there  is  a  practical  limit.  Large  particles 
occur  infrequently  in  natural  populations  of  fine-grained  sedi¬ 
ments  so  that  the  probability  of  actually  seeing  them  in  the 
usual  small  sample  is  slight.  In  addition,  it  becomes  increas¬ 
ingly  more  difficult  to  measure  larger  and  larger  particles 
because  of  their  large  thicknesses  in  relation  to  the  depth  of 
focus.  The  upper  limit  set  by  these  conditions  is  not  so  definite 


TABLE  6 


Ranges  of  Applicability  of  Various  Microscopic  Techniques 


Method 


Normal  Size  Range 
(microns ) 


Transmitted  white  light  0.4  -  250 

Transmitted  green  light  0.25  -  250 

Transmitted  ultraviolet  light  0.10  -  100 

Ultramicroscopy  using  ultraviolet 

scattered  radiation  0.01  -  100 


Electron  microscopy 


0.0005  -  5 
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as  the  lower  limit  set  by  the  optical  system,  but  it  is  just  as 
real. 

For  many  purposes  the  number  statistics  given  by  micro¬ 
scopic  size  analysis  are  not  as  valuable  as  other  statistics 
such  as  area,  volume,  or  weight.  The  transformation  of  number 
percentages  into  other  statistics  is  generally  not  satisfactory 
except  for  very  narrow  size  distributions  because  of  the  distorting 
effect  of  a  few  large  particles. 

Sedimentation  methods  have  been  widely  used  in  the  size 
analysis  of  fine-grained  sediments.  All  sedimentation  methods 
are  based  upon  the  relationship  between  particle  size  and 
settling  velocity  as  derived  from  Stokes'  Law.  Stokes'  Law 
applies  reasonably  well  to  particles  in  the  size  range  from 
0.1  p  to  about  50  p.  However,  particles  as  large  as  several 
thousand  microns  have  been  satisfactorily  sized  by  sedimentation 
using  one  of  the  modifications  of  Stokes’  Law  such  as  those 
suggested  by  Oseen  (1910),  Goldstein  (1929)*  or  Rubey  (1955)* 

Stokes'  Law  was  derived  for  a  spherical  particle  of  uniform 
density.  Natural  fine-grained  sedimentary  particles  are 
seldom  spherical,  and  populations  are  rarely  of  uniform  density.1 

1  Industrial  fine-grained  materials  are  seldom  spherical  either,  but  if 
they  are  monomineralic,  satisfy  the  condition  of  uniform  density. 
Stokes'  Law  may  thus  be  expected  to  be  more  exactly  applicable  to 
industrial  particles  than  it  is  to  natural  sediments.  The  conditions 
under  which  Stokes'  Law  provides  a  satisfactory  approximation  are 
discussed  later. 
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Sedimentation  analyses  measure  the  weight  or  volume  distribution. 
The  transformation  of  a  weight  or  volume  distribution  to  its 
number  distribution,  like  the  inverse  transformation  previously 
mentioned,  is  usually  equivocal. 

A  number  of  investigators  have  used  light  scattering 
techniques  to  study  suspended  sediments  in  marine  waters.  The 
observations  are  relatively  quick  and  easy  to  make,  but  are 
difficult  to  interpret  usefully.  An  equation  for  light  scatter¬ 
ing  by  particles  small  compared  with  the  wavelength  of  light 
(r  £  0.1\)  was  derived  by  Rayleigh  (1881).  Rayleigh's  Law  was 
extended  by  Mie  (1908)  and  Jobst  (1925)  for  larger  particles 
such  as  those  characteristic  of  naturally  occurring  suspensions. 
The  restrictive  underlying  conditions  of  isotropic  spherical 

particles  of  known  refractive  index  are  seldom,  if  ever, 

2 

realized  in  natural  particle  populations  .  In  addition,  a 
particle  size  distribution  must  be  assumed.  The  net  result  is 
that  the  average  size  value  which  is  obtained  is  difficult  to 
evaluate. 

Even  from  our  brief  discussion  of  methods  it  is  apparent 

2 

Aerosols  are  a  notable  exception.  Aerosols  are  suspensions  of 
generally  spherical  and  isotropic  liquid  droplets  in  a  gaseous 
phase.  In  addition,  they  generally  have  a  narrow  size  distri¬ 
bution.  Because  of  these  factors,  light  scattering  techniques 
have  been  successfully  used  for  sizing  aerosols. 
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that  no  single  method  of  size  analysis  is  .:ompietely  suitable 
for  the  measurement  of  suspended  sedirent.  The  information 
content  of  the  three  methods  is  in  no  case  coextensive,  and 
the  underlying  assumptions  are  very  different.  Most  suspended 
sediment  populations  are  characterized  by  broad  size  distri¬ 
butions  composed  almost  entirely  of  nonspherical  particles  of 
widely  varying  densities.  These  considerations  led  to  the 
author’s  determination  of  the  size  distributions  of  Chesapeake 
Bay  suspended  sediments  both  by  microscopy  and  by  sedimentation — 
the  number  frequency  distribution  by  the  former,  and  the  volume 
distribution  by  the  latter. 

Since  the  validity  of  any  size  analysis  and  its  useful¬ 
ness  for  comparison  with  other  analyses  depends  heavily  upon 
the  precise  techniques  used,  the  procedures  employed  by  the 
author  will  be  described  in  detail.  However,  we  must  first 
define  our  terms. 


Some  Definitions 
"I  hate  definitions."  Disralei 

Since  the  size  of  a  particle  is  the  object  of  a  size 
analysis,  we  had  better  know  what  we  mean  by  "particle."  Pbr 
our  purposes  a  particle  is  any  identifiable,  naturally  occurring 


p.sgjgsasssa* 


object  having  a  definite  geometric  figure.  The  stipulation  that 
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it  bo  identifiable  distinguishes  i'  the  conceptual  fluid 

particle  of  fluid  mechanics,  and  the  requirement  that  it  bo 
naturally  occurring  tells  us  that  we  are  concerned  with  the 
aggregates  and  agglomerates  which  occur  in  situ,  and  whi'ch 
survive  the  analysis,  as  well  as  with  any  homogenous  single 
particles  which  we  may  encounter.  Our  interest  is  in  the 
naturally  occurring,  in  situ  size  distribution.  To  realize 
our  definition  it  is  essential  that  our  methods  of  collection 
and  analysis  neither  destroy  those  composite  particles  which 
occur  in  estuarine  waters,  nor  artificially  increase  their 
number . 

Aggregates  and  agglomerates  are  alike  in  being  composite. 
They  differ  in  the  nature  of  the  forces  which  bind  their  com¬ 
ponents  and  in  the  strengths  of  those  forces.  Aggregates 
are  strongly  bound  by  intermolecular,  by  intramolecular,  or 
by  atomic  cohesive  forces.  They  are  stable  under  high  speed 
mixing,  ultrasonics,  and,  indeed,  under  all  customary  handling 
and  dispersion  techniques.  Thus,  they  place  no  burden  on 
the  investigator.  Agglomerates  are  bound  by  relatively  weak 
forces  including  those  arising  from  electrostatic  fields, 
surface  tension,  and  sticky  organic  matter.  In  reports  of 
size  analyses  made  for  industrial  purposes,  the  term  flocculate 
has  frequently  been  used  as  a  synonym  for  the  term  agglomerate. 

In  studies  of  sediment,  however,  most  investigators  have  reserved, 
at  least  conceptually,  the  term  flocculate  for  a  subset  of  the 
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set  of  all  agglomerates- -those  agglomerates  bound  by  electro¬ 
static  forces.  In  practice,  the  discrimination  between  floc¬ 
culates  and  other  agglomerates  has  nearly  always  been  based  on 
inadequate  evidence.  Just  as  to  some  men  all  geese  are  swans, 
to  many  "sedimentologists"  all  composite  particles  are  floc¬ 
culates.  On  the  basis  of  the  available  data,  the  importance 
of  the  flocculation  of  sediments  in  natural  waters  has,  in 
this  author’s  opinion,  been  greatly  exaggerated.  Since  ag¬ 
glomerates  are  weakly  held  together,  the  investigator  interested 
in  in  situ  size  distributions  must  exercise  extreme  care  during 
sedimentation  analysis  or  he  will  destroy  them.  He  must  be  equ¬ 
ally  careful  to  see  that  his  methods  do  not  induce  additional 
agglomeration.  The  risk  of  destroying  natural  agglomerates  may 
be  reduced  by  gentle  treatment  throughout  the  analysis.  However, 
prevention  of  the  formation  of  additional  agglomerates  requires 
vigorous  dispersion.  If  the  investigator  is  to  steer  safely  be¬ 
tween  Scylla  and  Charybdis  he  must  restrict  himself  to  moderate 
dispersion,  and  to  assure  himself  that  the  passage  has  been  suc¬ 
cessfully  made  he  can  and  should,  after  analysis,  check  his 
samples  microscopically  against  untreated  controls. 

The  size  of  a  particle  may  be  defined  by  any  measure  charac¬ 
teristic  of  the  fineness  of  its  subdivision.  Since  naturally  occur¬ 
ring  particles  are  usually  irregular,  and  therefore  have  no  unique 
diameter  in  the  mathematical  sense,  it  will  be  necessary  for  us  to 
construct  a  "particle  diameter"  to  describe  its  size.  This  diameter 


is  to  be  defined  in  two  different  ways  correspond ing  to  th *  two 
methods  of  size  analysis  used.  For  microscopic  analysis  the 
diameter  of  a  particle,  D^,  is  the  diameter  of  the  circle  with 
area  equal  to  the  projected  area  of  the  particle.  Fbr  sedimen¬ 
tation  analysis  the  diameter  of  a  particle,  Dg,  is  the  diameter 
of  an  equivalent  sphere  having  the  same  density  as  the  particle 
and  the  same  settling  velocity  as  the  particle  in  a  fluid  of  the 
same  density  and  /iscosity.  D  and  D  for  any  given  particle 

S  It) 

need  not  be  equal,  and  seldom  are. 

'Ihe  choice  of  a  measure  which  best  describes  the  size  of  a 
particle  is  a  vexed  question,  and  some  brief  defense  of  our  selections 
must  be  made.  Such  measures  are  not  limited  to  those  with  dimen¬ 
sions  of  length.  Measures  with  dimensions  of  volume,  velocity, 
and  area  have  also  been  advocated. 

The  measure  most  commonly  chosen  is  the  "diameter"  but  the 
definitions  of  "diameter"  offered  have  been  myriad.  The  diameter 
of  a  particle  may  be  any  straight  line  drawn  through  its  center  of 
mass  and  terminating  at  its  boundaries.  The  term  diameter  is  un¬ 
equivocally  defined  only  for  shperes  and  circles.  For  these  shapes, 
and  only  for  these,  are  the  concepts  of  "diameter"  and  "size"  equi¬ 
valent.  Fbr  any  irregular  particle  there  is  an  infinity  of  diameters 
whose  distribution  is  continuous  between  some  upper  and  lower  bounds. 
If  "the  diameter"  is  to  be  a  meaningful  measure  of  the  size  of  an 
irregular  particle,  it  must  be  defined  as  some  one  of  the  possible 
statistics  associated  with  the  diameter  distribution.  The  number 
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TABLE  7 

Some  Definitions  of  Means 


Mean 


Definition 


Arithmetic  mean  of  diameters 


1 

n 


d 

max 
2 
.=d 


min 


Geometric  mean  of  diameters 


d  1 

max  — 

:  n  d  )n 

d.=d  . 
i  mm 


Harmonic  mean  of  diameters 


max 

2 

d.=d 
l  min 


1_ 

d. 


-1 


n  =  number  of  diameters  measured,  d^n=  minimum  diameter, 

d  =  maximum  diameter, 
max 


and  variety  of  statistical  measures  that  might  be  constructed  is 
strictly  unlimited.  A  few  of  them  that  have  obvious  appeal  as  being 
computationally  simple  are  the  geometric  mean,  the  harmonic  mean, 
and  the  arithmetic  mean  diameters,  Table  7*  At  the  simplest, 
the  labor  required  to  accumulate  the  diameter  data  and  to  cal¬ 
culate  the  statistical  measure  is  inordinate.  Attempts  to  size 


sediments  by  following  these  definitions  have  been  reduced  to 
triviality  by  the  ^ inordinately  small  sample  sizes  forced  on  the 
Investigator,  laced  with  the  practical  necessity  of  measuring 
large  samples,  the  invert igator,  using  microscopic  techniques, 
is  force «  to  adopt  either  highly  simplified  numerical  approxi¬ 
mations  or  graphical  methods.  Our  definition  for  D  is  the  most 

n 

popular  and  lends  itself  to  easy  determination  with  available 
globe  and  circle  graticules,  such  as  those  of  lairs  (1945)  and 
Patterson  and.  Cawood  (1936),  or  with  the  Zeiss  Particle  Size 
Analyzer  TGZ  5  which  the  author  used. 

In  contrast  with  the  results  of  microscopic  analysis, 
those  of  sedimentation  analysis  are  generally  expressed  in 
terms  of  a  Stokes'  equivalent  diameter,  our  D ^  is  called 

"diameter"  but  it  is,  in  fact,  a  "velocity."  Two  particles 
having  the  same  Ds  will  settle  with  the  same  speed  in  a  fluid. 

Their  shapes,  surface  areas ,  and  volumes  may  differ  markedly  as 
may  any  of  their  orthodox  statistical  3ize  measures.  Only  the 
equivalence  of  their  settling  rates  is  asserted.  For  this  reason 
some  investigators  have  reported  the  results  o-p  their  sedimentation 
analyses  in  terms  of  velocities  with  dimensions  IZT~ 1  rather  than 
in  terms  of  diameters,  dimension  L,  as  conceptually  more  honest. 

An  attractive  alternative  measure  which  compensates  for 
the  shape  effect  c?  irregular  particles  was  offered  by  Wadell 
(1952).  He  proposed  a  true  nominal  diameter  which  he  defined  as 
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the  diameter  of  a  sphere  having  the  same  volume  as  the  particle 
in  question.  Although  appealing  and  useful  for  describing  some 
coarse-grained  sediments,  the  volume  measurements  required  by  the 
definition  makes  it  impossible  to  apply  to  fine-grained  particles. 

The  author's  choice  of  diameter?,  D  and  D  ,  was  guided 

m  s 

bv  several  considerations.  D  was  chosen  first  because  it  has 
J  m 

been  shown  that  more  reliable  information  can  be  obtained  more 
rapidly  from  area  comparison  than  from  the  comparison  of  linear 
dimensions  (Hamilton,  Holdsworth,  and  Walton,  195*0,  and  second, 
the  Zeiss  Particle  Size  Analyzer  is  available  to  provide  semi¬ 
automatic  determinations  of  D  from  photomicrographs.  Pbr  D 

!!1  S 

there  is  hardly  a  choice.  It  is  the  only  practical  definition 
of  diameter  for  sedimentation  size  analysis.  Sedimentation 
analysis  is  a  necessity  since  it  provides  the  only  practical  way 
of  determining  the  volume  size  distribution  of  the  suspended 
sediment  which  is  very  important  geologically. 

It  is  apparent  even  from  this  brief  discussion  that  the 
determination  of  the  size  distribution  of  irregular,  fine-grained 
particles  is  not  only  an  extremely  difficult  task,  but  that  the 
results  may  be  misleading  unless  the  size  terms  are  precisely 
defined.  In  addition,  particle  size  data  determined  by  different 
methods  must  be  compared  with  extreme  caution. 
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Pholomicrographic  Size  Analysis 

Of  all  the  available  methods  of  size  analysis,  microscopy 
is  the  most  direct,  and  in  many  ways,  the  most  amenable  to  the 
determination  of  the  in  situ  size  distribution  of  fine-grained 
suspended  matter.  Microscopic  sizing  consists  of  the  actual 
measurement  of  the  particle  images  rather  than  some  physical 
property  more  or  less  remotely  connected  with  size,  and  it  re¬ 
quires  no  sample  dispersion  or  pretreatment  which  might  alter 
the  original  size  distribution.  Since  one  must  look  at  indi¬ 
vidual  particles,  microscopy  also  provides  information  on 
particle  shape,  degree  of  agglomeration,  and  on  the  composition 
of  the  suspended  matter.  Microscopic  size  analysis  supplies  a 
primary  direct  check  on  all  indirect  methods  of  size  analysis 
Including  the  volume  size  analysis  using  the  MSA  Particle  Size 
Analyzer  employed  by  the  author. 

The  appealingly  simple  direct  observation  of  the  particles 
themselves  with  optical  micrometers  or  graticules  was  abandoned 
in  favor  of  the  Zeiss  particle  Size  Analyzer  TGZ-3,  a  semi¬ 
automatic  instrument  that  gives  reliable  results  rapidly.  To 
secure  these  advantages,  photography  must  intervene  and  direct 
observation  be  removed  one  step.  However,  introduction  of 
photography  provides  a  permanent  record,  gives  precise  control 
of  the  magnification,  and  permits  the  manipulation  of  photographic 
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contrast.  (7)  to  moke  tlie  particles  clearly  visible  ap.ainst  the 
background  of  the  mounting  medium. 

A  serious  disadvantage  of  photomicrography  is  that  the 
focus  must  be  fixed  at  the  tine  of  exposure  and  some  particles 
may  be  badly  out  of  focus.  In  samples  where  particles  differ 
greatly  in  thickness,  it  may  be  necessary  to  make  several  ex¬ 
posures  of  the  same  field  at  different  focal  settings.  A  single 
exposure,  however,  was  found  to  be  satisfactory  for  nearly  all 
of  the  samples  analyzed  in  this  study. 

The  photomicrograph i.c  sizing  technique  involves  four  steps 
(l)  sample  collection,  (2)  slide  preparation,  (5)  photography  of 
sample,  and  (H)  sizing  the  images  of  the  particles  with  the 
Zeiss  Particle  Size  Analyzer. 

(l)  Sample  Collection 

In  most  instances,  each  sample  was  collected  by  pumping 
water  fron  a  fixed  depth  with  a  submersible  pump.  The  pump  was 
reliable,  fast,  and  easy  to  operate.  Further,  and  most  important 
it  preserved  the  jiui  situ  size  distribution  of  the  suspended  mat¬ 
ter.  This  last  feature  was  established  by  collecting  twelve 
duplicate  samples,  one  with  the  pump  and  one  with  a  Van  Dorn 
botMe.  The  size  distributions  of  the  samples  were  determined. 

In  none  of  the  twelve  pairs  of  samples  could  any  significant  dif¬ 


ference  be  detected. 
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The  water  was  pumped  into  one  gallon  jugs,  swirled  vigor¬ 
ously,  and  three  to  five  subsamples  of  15  to  100  ml  were  filtered 
immediately  through  millipore  GS  (0.22  q)  filters  of  47  mm  dia¬ 
meter  using  a  manifold.  The  subsamples  must  be  filtered  with 
the  least  possible  delay  because  the  floculation  which  occurs  on 
storage  renders  any  attempt  to  determine  the  in  situ  size  distri¬ 
bution  of  the  suspended  matter  almost  worthless.  The  filter 
pressure  was  maintained  above  4 00  mm  of  Hg  at  all  times  to 
minimize  the  disruption  of  flocculates  and  fragile  organisms. 

After  filtration  of  each  sample,  the  filter  and  filtrate  were 
thoroughly  washed  with  distilled  water  to  remove  soluble  salts . 
They  were  then  removed  from  the  filter  support,  inserted  in  a 
small  plastic  holder,  and  stored  in  a  dessicated  box. 

The  volume  of  water  filtered  at  each  depth  was  dictated 
by  the  concentration  of  the  suspended  matter.  For  size  analysis 
the  ideal  sample  is  a  single-particle  layer  with  no  particle 
touching  another.  For  mass  determination  the  sample  should  be 
as  large  as  possible.  These  requirements  on  sample  size  are  in 
direct  conflict.  The  usual  procedure  of  obtaining  a  single  large 
sample  and  using  it  for  both  analyses  is  totally  unsatisfactory. 
Although  it  provides  adequately  for  mass  determination,  for  micro¬ 
scopic  examination  the  material  is  piled  too  thickly  on  the  filter, 
thus  obscuring  many  of  th?  particles,  causing  agglomeration,  and 
masking  the  true  size  distribution.  On  the  other  hand,  the  small 
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samples  amenable  to  size  analysis  are  not  suitable  for  mass 
determination.  No  compromise  is  possible.  The  only  solution 
is  to  collect  separate  samples,  large  samples  for  mass  deter¬ 
minations  and  small  samples  for  size  analyses. 


a 


i 
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2.  Slide  Preparation 

The  primary  reason  for  selecting  cellulose  membrane  filters 

is  that  they  can  be  made  transparent,  thus  allowing  the  filtrate 

to  be  examined  microscopically  in  transmitted  light.  Cellulose 

membrane  filters  become  transparent  when  their  pores  are  filled 

with  a  liquid  whose  index  of  refraction  is  very  close  to  that  of 

the  cellulose  (n  =  l.fjlO  for  Millipore  GS  filters).  Suitable 

clearing  liquids  include  cedar  oil.  Karo  syrup.  Tween  803,  and 
4 

Permount  .  The  most  transparent  membrane  results  from  drawing 
serial  dilutions  of  either  cedar  oil  in  alcohol  or  Karo  syrup 
in  water  through  the  filter  as  suggested  by  Goldberg,  et.  al. 
(1952)-  The  cleared  membrane,  or  a  portion  cf  it.  car.  then  be 
put  on  a  slide  and  covered  with  a  cover  slip  or  it  can  be  mounted 
in  balsam.  For  most  purposes  a  membrane  can  be  satisfactorily 
cleared  and  mount A  by  the  following  simpler  and  faster  method. 

Put  several  drops  of  cedar  oil  or  Permount  on  a  glass  microscope 

3  Atlas  Powder  Co.,  Wilmington,  Delaware. 

4 

Fisher  Gcientific,  Washington,  D.C. 
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slide  and  carefully  lay  the  membrane,  or  a  section  of  it,  face 
up,  on  top.  Next,  cover  the  membrane  with  a  cover  slip  and 
tap  it  gently  being  careful  to  avoid  any  relative  motion  be¬ 
tween  the  cover  slip  and  the  membrane.  Using  this  method  the 
author  prepared  three  slides  for  each  depth  at  which  the  size 
distribution  was  to  be  determined.  Each  slide  was  made  from  a 
p«e-shaped  section  cut  from  a  different  membrane.  There  was  no 
bias  at  this  stage  because  the  "data"  were  invisible  to  the 
naked  eye. 

The  most  important  optical  property  of  a  mounting  medium 
is  its  index  of  refraction.  If  the  difference  in  refractive 
index  of  the  mounting  medium  and  the  particles  is  too  great, 
excessive  contrast  results,  edge  detail  is  lost,  and  the  details 
of  flocculates  may  be  impossible  to  determine.  If,  on  the  other 
hand,  this  difference  in  refractive  index  is  too  small,  the  con¬ 
trast  will  be  very  low,  many  particles  may  be  overlooked,  and  it 
may  be  difficult  to  determine  their  edges.  Under  ordinary  light 
microscope  conditions  colorless  transparent  particles  are  visible 
only  in  outline  and  only  then  when  they  differ  in  refractive  in¬ 
dex  from  the  mounting  medium.  A  large  percentage  of  the  suspended 
particles  in  the  Chesapeake  Bay  are  very  nearly  colorless,  have 
indices  of  refraction  very  close  to  1.51,  and  are  hence  nearly 
invisible  when  mounted  in  one  of  the  media  suitable  for  clearing 
Millipore  filters.  The.  particles  were  most  clearly  visible  when 


the  membranes  were  examined  under  phase  microscopy.  The  phase 
microscope  transforms  small  changes  of  phase  produced  by  small 
differences  in  optical  path  into  changes  of  amplitude  (brightness) 
which  can  then  be  detected  by  the  eye  or  by  a  photographic  plate. 
The  optical  path  is  the  product  of  the  thickness  of  the  trans¬ 
mitting  medium  and  its  index  of  refraction,  and  the  differences 
in  optical  path  are  due  to  differences  in  either  of  these  fac¬ 
tors,  or  both.  When  light  traverses  materials  with  different 
optical  paths,  phase  differences  are  produced.  These  phase  differ¬ 
ences,  which  cannot  be  detected  by  the  human  eye,  are  converted  to 
amplitude  differences  by  the  phase  microscope,  and  thus  become 
visible.  A  good  discussion  of  phase  microscopy  can  be  found  in 
Bennett,  et.  al.  (l95l)- 

3-  Photography  of  Sample 

The  microscopic  system  and  the  photographic  procedures  are 
given  in  detail  because  of  their  effects  on  the  apparent  size 
distribution  (Loveland,  1959)*  The  cleared  membranes  Were  photo¬ 
graphed  on  Kodak  I&n  X  film  with  a  35  nun  Zeiss  Ikon  camera  mounted 
on  a  Zeiss  Standard  Universal  Pol  microscope.  The  film  was  de¬ 
veloped  in  Kodak  Microdol-X  developer  under  strict  time  and 
temperature  controls.  The  microscope  was  equipped  with  an  Achro- 
matic-aplanatic  Bright-Field  Phase-contrast  Dark-field  Condenser 
VZ  (Zeiss  catalog  number  485276)  with  a  numerical  aperture  of  1.4. 
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The  light  source  was  a  6V-I5W  iamp  built  ni.o  the  base  of  the 
microscope,  ft  was  adjusted  in  accordance  with  the  Kohler  prin¬ 
ciple  before  each  picture  taking  session,  or  whenever  objectives 
were  changed.  The  light  was  filtered  with  a  green  interference 
filter  (max.  transmission  at  546  mp)  to  increase  resolving  power. 

Two  objectives  were  used,  a  Neofluar  Fb  4o/0.75  and  a  Plana- 
chromat  100/1.25  (Zeiss  catalog  numbers  46  07  21  and  46  19  11). 

The  former  was  the  working  objective.  The  latter  was  used  pri¬ 
marily  as  a  check  to  get  an  idea  of  the  number  of  particles  below 
the  resolving  power  of  the  40X  objective.  For  photography,  both 
objectives  were  used  in  conjunction  with  an  8X  eyepiece,  and 
with  the  Optovar  set  at  1.25*  The  approximate  observed  magni¬ 
fication  using  the  4CX  objective  was  4o  x  8  x  1.25  =  480.  The 
camera  factor  is  0.5X,  hence  the  image  magnification  was  approxi¬ 
mately  240.  The  40X  objective  has  a  theoretical  useful  magnifi¬ 
cation  of  approximately  1500  and  the  100X  objective  of  approximately 
2500.  The  negatives  taken  with  the  40X  objective  were  enlarged 
to  2000X  thus  producing  some  empty  magnification.  Parallel  analyses 
with  the  100X  objective  indicated  however,  that  the  empty  magni¬ 
fication  did  not  falsify  the  determination  of  the  size  distributions. 
The  upper  limit  of  useful  magnification  is  a  theoretical  limit,  and 
not  a  practical  one.  The  additional  "empty"  magnification  in  this 
case  proved  to  be  valuable  since  our  interest  was  in  the  particle 
size  distribution,  and  the  further  magnification  made  measurement 
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of  the  finer  particles  much  easier.  The  smallest  particle  image 
which  can  be  measured  with  the  Zeiss  Particle  Size  Analyzer  on  the 
standard  range  used  in  this  study  is  1 .2  jam.  The  method  of  deter¬ 
mination  of  the  final  magnification  of  the  enlarged  photographs 
is  explained  below. 

The  fields  which  were  photographed  were  selected  without 
prior  observation  according  to  a  previously  chosen  area  pattern 
based  upon  mechanical  stage  graduations.  The  area  pattern  in¬ 
sured  a  reasonable  coverage  of  the  filter  segment,  and  since 
the  author  never  saw  the  appearance  of  the  sample  before  the 
area  was  finally  fixed,  he  was  guarded  against  being  biased 
in  his  selection  by  his  visual  impressions.  The  total  number 
of  fields  which  was  photographed  per  sample  depended  on  the 
number  of  particles  per  field.  Generally  six  to  nine  fields 
were  photographed  from  each  of  the  three  filter  segments  for 
a  total  of  eighteen  to  thirty-six  fields  per  sample.  The  re¬ 
sulting  photographs  represent  a  composite  of  portions  of  three 

I 

subsamples  from  which  the  size  distribution  at  that  particular 
depth  was  determined  for  that  cruise. 

Each  photograph  was  identified  by  the  station  number, 
sample  depth,  and  cruise  number.  This  information  was  written 
on  an  identification  film  strip  which  was  inserted  into  a  slot 
provided  in  the  camera  back,  and  was  registered  on  the  film  at 


the  time  of  exposure. 
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To  determine  and  set  the  magnification  of  the  enlargements 
a  stage  micrometer  v_is  photographed  at  the  beginning  of  each 
roll  of  film.  It  was  photographed  under  the  same  optical  con¬ 
ditions  as  used  for  the  remainder  of  the  film  and  thus  served 
as  a  reference  for  all  other  photographs  on  that  roll.  At  the 
time  of  printing,  the  final  magnification,  generally  2000X,  was 
selected  by  carefully  adjusting  the  position  of  the  enlarger 
head  until  the  desired  magnification  of  the  micrometer  scale 
negative  was  attained.  A  print  of  the  scale  was  then  made  and 
processed  with  the  other  prints  of  that  sample.  After  drying, 
the  magnification  of  the  micrometer  scale  was  checked  to  evalu¬ 
ate  shrinkage.  The  negatives  were  printed  on  Kodak  Kodagraph 
PI  Projection  Paper,  a  high  contrast  paper  on  ultra- thin  stock. 
This  paper  was  chosen  because  of  the  necessity  of  having  a  trans¬ 
lucent  photographic  paper  for  analysis  with  the  Zeiss  Particle 
Size  Analyzer  TGZ-3- 


4.  Photomicrograph ic  Measurement  with 
the  Zeiss  Particle  Size  Analyzer 

The  images  of  the  particles  on  the  photomicrographs  were 
sized  with  a  Zeiss  Particle  Size  Analyzer  TGZ-3,  a  semi-automatic 
device  in  which  the  eye  and  judgement  of  the  operator  partici¬ 
pate  in  the  measuring  process.  The  instrument  is  shown  diagram- 
atically  in  Fig.  48.  The  principal  components  of  the  instrument 
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are  a  light  source,  a  lens  system,  ana  an  adjustable  iris  dia¬ 
phragm  which  j~.  correlated  via  a  commutator  with  ^8  telephone 
counters,  each  counter  corresponding  to  a  certain  aperature 
interval  of  the  iris  diaphragm.  The  instrument  is  also  equip¬ 
ped  with  a  cumulative  counter  which  registers  the  total  number 
of  particles  measured.  The  iris  diaphragm  is  illuminated  from 
below  and  is  imaged  as  a  sharply  defined  circular  light  spot 
in  the  plane  of  the  plexiglase  plate  which  supports  a  photo¬ 
micrograph.  The  photomicrograph  is  moved  by  /and  until  the 
center  of  gravity  of  the  image  of  a  particle  lies  approximately 
at  the  center  of  the  measuring  mark.  The  particle  image  is 
then  measured  by  adjusting  the  diaphragm  until  the  light  spot 
has  am  area  equal  tc  that  of  the  particle  image.  For  irregular 
particles  the  total  area  of  the  portions  of  the  particle  pro¬ 
truding  beyond  the  measuring  mark  must  be  made  equal  tc  the 
re-entrant  areas.  Once  the  diaphragm  is  adjusted  the  foot- 
switch  is  depressed,  the  proper  counter  is  activated,  a  hole 
is  punched  in  the  image  of  the  particle,  and  the  total  regis¬ 
tered  on  tne  cumulative  counter  is  increased  by  one.  The  photo¬ 
micrograph  is  then  shifted  until  another  particle  is  above  the 
stationary  measuring  mark  and  the  same  procedure  is  followed. 

An  experienced  operator  can  size  approximately  1000  particles 
in  thirty  minutes. 

The  instrument  can  be  used  to  determine  either  frequency 


or  cumulative  size  distribution  an1  the  forty  eight  counters 
can  be  switcned  into  either  a  linear  or  icgaothmic  sequence. 

The  instrument  is  provided  with  two  measuring  ranges — a  re'  ace1! 
range  for  measuring  particle  images  of  1.0  --  9*2  mm  diameter, 
and  a  standard  range  for  measuring  particle  images  with  dia¬ 
meters  in  the  range  1.2  -  27-7  mm.  In  situations  where  particle 
diameters  fluctuate  by  more  than  a  factor  of  23*  either  two 
or  more  sets  of  photomicrographs  of  different  enlargements, 
or  a  templet,  is  necessary. 

The  standard  measuring  range  and  exponentially  increasing 
size  classes  were  used  in  this  study  to  determine  the  size  dis¬ 
tributions  of  Chesapeake  Eay  suspended  sediment.  The  choices 
of  measuring  range  and  size  classes  were  dictated  by  tne  broad 
size  distribution  of  the  suspended  matter.  The  2000X  magnifi¬ 
cation  used  by  the  author  together  with  the  standard  range  of 
the  instrument  fixes  the  uarticle  size  diameter  (D  )  range  at 

■"  n 

0.6  -  13.85  p  (l-2  -  27.7  mm  on  the  photomicrographs).  Sus¬ 
pended  particles  with  diameters  greater  than  13*95  U  are  found 
in  the  Eay  so  that  it  was  necessary  to  extend  the  upper  limit 
of  the  range.  The  upper  limit  was  extended  with  a  template 
overliy.  This  method  was  the  most  convenient  since  there  were 
relatively  few  particles  with  diameters  greater  than  13*95  h* 

The  template  consisted  of  a  series  of  circles  with  exponentially 
increasing  diameters  drawn  on  tracing  paper.  The  diameters  of 
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the  circles  were  determined  by  extending  the  exponentially  in¬ 
creasing  size  classes  beyond  the  ^8  intervals  of  the  Zeiss 
Article  Size  Analyzer. 

Although  particles  with  diameters  less  than  0.6  p  are 
also  found  in  the  Bay,  this  lower  limit  was  not  extended. 

Sizing  below  approximately  0.6  p  requires  the  use  of  an  oil 
immersion  lens,  and  below  0.25  U  an  ultraviolet  microscope 
must  be  used.  Table  6.  When  several  magnifications  are  used 
for  a  single  sample,  extreme  caution  must  be  used  in  combining 
the  results. 

For  each  group  of  three  slides  taken  from  a  single 
sample  at  least  1500  particles,  but  most  commonly  2000  particles 
were  sized.  The  minimum  number  of  particles  to  be  counted  was 
determined  by  a  commonly  accepted  counting  technique.  Two 
hundred  and  fifty  particles  were  sized  from  a  sample  and  the 
first  four  moments  of  the  resulting  size  distributions  were 
calculated.  An  additional  two  hi’rdred  and  fifty  particles  were 
then  measured  and  the  moments  recalculated  for  the  500  measure¬ 
ments.  The  procedure  of  doubling  the  sample  size  and  calculating 
the  moments  was  continued  until  the  moments  showed  no  substantial 
change  between  successive  cycles.  This  was  done  for  fifteen 
samples,  and  in  each  a  sample  size  of  1000  particles  was  found 
to  be  adequate  to  secure  agreement  between  the  moments  on  suc¬ 
cessive  cycles  to  within  10  percent  of  the  mean  of  each  pair 


of  moments. 


Although  a  sample  size  of  ](,'<),D  ic  o-'.'rely  satisfactory 
for  the  stability  of  the  moments,  the  author  was  particular  y 
interested  in  the  frequencies  of  the  rarely  occurring  large 
particles  because  of  their  overwhelming  effect  on  the  volume 
size  distribution.  In  order  to  form  a  better  idea  of  these, 
he  elected  to  size  an  additional  500  to  1000  particles  in 
m-'st  samples. 


Results  and  Discussion 

One  hundred  and  sixty-one  size  analyses  of  suspended 
sediment  from  different  space-time  positions  in  the  upper  Bay 
were  made  with  the  Zeiss  Rarticle  Size  Analyzer.  In  addition, 
si>ty-one  replicate  analyses  were  made,  making  a  total  of  222 
particle  size  analyses.  Those  statistics  descriptive  of  the 
distribution  of  suspended  sediment  in  the  upper  Bay  are  formed 
entirely  from  the  set  of  l6l  essentially  different  samples. 

The  replicate  analyses  are  involved  only  when  questions  of  the 
stability  of  the  statistics  are  discussed. 

The  number-size  distributions  of  12  of  these  samples  are 
presented  in  Figures  h<J  and  50.  The  mean,  the  standard  deviation, 
the  skewness,  and  the  kurtosis  of  each  of  these  samples  is 
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presented  in  Table  H.  In  a  Si  it  ion,  the  reru’fc  of  'j’j  othr»- 
analyses  are  given  in  Appendix  A. 

The  presentation  of  the  entire  set  of  )6l  size 
analyses  in  this  paper  would  require  an  inordinate  amount 
of  space  and  therefore  only  a  representative  subset  of  the 
analyses  is  presented.  Presented  here  are  typical  analyses 
which  depict  the  consistency  and  variability  of  the  particle 
size  distributions  both  spatially  and  temporally  within 
the  area- 

The  forty-eight  size  classes  of  the  Zeiss  Pferticle  Size 
Analyzer  and  the  twelve  classes  which  were  added  with  a  tem¬ 
plate  were  grouped  by  threes  to  form  twenty  classes.  The 
statistics  which  were  calculated  are  standard  moment  measures. 


The  mean  is  the  first  moment  about  zero,  and  the  standard  devi¬ 


ation  the  square  root  cf  the  second  moment  about  the  mean.  The 
skewness  and  kurtosis  are  defined  in  terms  of  the  second  (p^), 
third  (p^),  and  fourth  (p^)  moments  by 


Kurtosis  = 


-  3  • 


The  twenty  class  midpoints,  x^,  used  in  the  calculations 


were  defined  by 
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which  reduces  to 


x  = 


3v  c 

2  C  i 
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3V  f 

2  i 

i=3v-2 


where  £  ^  are  the  midpoints  of  the  sixty  subclasses,  f  the 

frequency  of  observations  in  each  subclass,  and  v~i,...  20. 

The  mean  diameter,  D  ,  showed  little  variability  either 

seasonally  or  geographically.  It  generally  increased  with 

depth  at  each  station,  out  the  increase  was  usually  small. 

The  increase  of  D  with  depth  was  attributed  primarily  to 
m 

the  resuspension  of  slightly  coarser  and  pelleted  bottom 
sediment.  At  most  stations  an  increase  in  the  concentration 
of  aggregate  particles  was  observed  near  the  bottom.  This  in¬ 
crease  is  to  be  expected  because  much  of  the  sediment  suspended 
near  the  bottom  is  material  derived  from  the  bottom  which  is 
pelleted. ^ 

ranged  in  value  from  1.1  to  2.8  and  in  nearly  80 
percent  of  the  samples  analyzed  it  was  between  1.4  and  2.0  q. 
Histograms  of  for  the  samples  from  the  surface,  from  mid¬ 
depth,  from  one  meter  off  the  bottom,  and  for  the  entire  set  of 

3  Resuspension  of  bottom  sediment  by  tidal  currents  is  discussed 


in  a  later  section. 
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TABLE  8 


Stat^b tical  Properties 

of  Particle  Siae  I 

..stributions 

Shown  in 

Figures  49  and  50 

Station,  Mean 

Date,  and 

Depth  (ji) 

Standard 

Deviat ion 

GO 

Skewness 

Kurtos is 

SUS  (l4  XI  66) 

surface 

1.4 

1.0 

*  4 

80.0 

mid-depth 

1.3 

1.2 

4.o 

107.4 

I  m  off  hot. 

1.4 

1.2 

3-2 

62.7 

IE  (14  XI  66) 

surface 

1.6 

1.1 

1.4 

10.2 

mid-depth 

1.6 

1-5 

2.2 

32.6 

1  m  off  hot. 

1.7 

1.6 

2.1 

25*5 

IIIC  (14  XI  66) 

surface 

1.4 

1.2 

2.4 

40.4 

mid-depth 

1.6 

1.3 

1.8 

17.4 

1  m  off  bot. 

1.6 

1-3 

1.6 

15.5 

VF  (l4  XI  66) 

surface 

1.4 

1.0 

2.1 

28.8 

raid-depth 

1.6 

1.5 

3-2 

76.4 

1  m  off  bot. 

1.7 

1.5 

1.8 

22.9 

lb]  samples  arc  shown  in  i gr .  pi  i:id  be.  uti :  forini  f.y  of 

the  suspended  sediment  partible  s;xf  d  i  sur  Shut  ion  indicates 
that  there  is  considerable  transport  and  shifting  of  the  sedi¬ 
ment  within  this  segment  of  the  Bay. 

No  systematic  downstream  decrease  in  D  was  observed 
'  m 

within  this  segment  of  the  Bay.  During  much  of  the  year  the 
mean  size,  D  ,  was  slightly  greater  at  stitions  in  the  Bay 
than  at  the  Susquehanna  River  station.  This  increase  in 
was  most  apparent  in  the  mid-depth  and  near  bottom  samples,  and 
again  was  attributed  to  resuspension. 

There  was  no  evidence  that  flocculation  plays  an  im¬ 
portant  role  in  the  sedimentation  in  the  region.  The  composite 
particles  which  were  observed  were  organically  bound  agglomerates 
and  not  flocculates.  The  tidal  currents  and  turbulence  are 
apparently  sufficient  to  overcome  any  flocculation  forces  that 
may  exist. 

There  was  a  tendency  for  the  mean  size  and  the  modal 
class  to  shift  toward  smaller  values  in  late  winter  and  spring. 
This  was  most  marked  at  the  Susquehanna  River  station  where 
masking  of  the  newly  introduced  suspended  sediment  by  resus¬ 
pended  materia]  is  minimal.  Histograms  of  the  modal  class, 
presented  in  Figs.  53  and  5^  for  various  periods  of  the  year, 
clearly  show  this  shift.  This  change  in  the  particle  size  dis¬ 
tribution  is  apparently  reiated  to  weathering  and  will  be  investi¬ 


gated. 
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Mean  Projected  Diameter,  Dm, in  Microns 

Fig.  52  Frequency  Distribution  of  Mean  Projected  Suspended 
Sediment  Particle  Diameters  for  All  161  Samples. 


FREQUENCY  OF  OCCURRENCE 


MODAL  CLASS 
CLASS  CLASS  LIMITS 

1  0.60 /x  —  0. 74  /i 

2  0.74 /i  —  0.90  ^ 

3  0.90 ft  —  \  .OS  ft 

4  1 .05  n  -  1 . 32  ft 

5  1.32  ft  -  I  .61  fL 


Fig.  b?  Frequency  Distributions  of  the  Modal  Class  of  Equivalent 
Projected  Diameters  (Dm)  for  Samples  from  various  Periods 
of  the  Year. 


The  number  cf  suspended  colloidal  (D  0.5u  )  oarticles 

IU 

increased  sharply  during  the  period  of  maximum  runoff,  March 
and  early  April.  These  particles,  however,  are  below  the  limit 
of  resolution  of  the  microscopic  system  used  by  the  author  and 
therefore  were  not  sized.  Even  during  this  period,  the  col¬ 
loidal  particles  account  for  at  most  a  few  percent  of  the 
total  mass  and  volume  of  suspended  sediment.  In  spite  of  their 
small  mass  and  volume  however,  colloidal  particles  have  a  very 
profound  effect  on  the  optical  properties  of  the  water  during 
this  period.  The  large  increases  in  extinction  coefficients 
resulting  from  the  large  numbers  of  colloidal  particles  render 
optical  methods  of  estimating  suspended  sediment  concentrations 
questionable  under  such  conditions. 

The  skewness  and  kurtosis  are  of  unknown  significance 
and  are  much  less  stable  than  the  mean  and  the  standard  dev'  • 
at ion.  Their  instability  results  because  they  are  defined  in 
terms  of  higher  moments,  and  the  higher  the  moment,  the  greater 
the  relative  weighting  of  the  large  deviations.  It  follows 
that  the  kurtosis,  which  is  defined  in  terms  of  the  fourth  moment, 
is  less  stable  than  the  skewness  which  is  defined  in  terms  of 
the  third  moment.  Because  of  their  high  degree  of  sensitivity 
to  fluctuations  in  the  tail  regions  of  the  distritr  t.ion,  both 
measures  are  restricted  in  their  usefulness  unless  a  very  large 
number  of  measurements  have  been  made.  The  skewness  ranged  from 


1 to  t.5,  and  t.!ie  kurlosi 
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1  .J  to  h.'j,  and  the  kiirlo:;!.  from  >  .(•  to  In  a]  )  of  the 

samples,  the  .:kewn<'.;..  was  p<>- ;  1. 1 v<'  wki'-h  rm  an.;  that  more  inan 
half  of  the  deviations  were  on  the  left  (negative)  side  of  the 
mean,  but  (hat  the  majority  of  the  iarpe  deviations  were  on  the 
right  (positive)  side.  It  should  be  remembered  that  the  particie 
size  distributions  were  truncated  at  the  lower  end  at  about 


0.5  n. 

Tlie  volame  transformations  of  the  number-size  distri¬ 
butions  are  shown  in  Figs.  55  and  56,  and  in  Appendix  A. 

To  effect  the  transformations  the  conventional  assumption  was 
made  that  each  particle  population  was  made  up  of  a  polydis- 
perse  system  of  spheres,  and  consequently  no  shape  factors 
were  employed.  This  assumption  of  course  is  not  true,  and  its 
implications  must  be  examined. 

Rarticle  shape  is  an  important  factor  in  transforming 
number  distributions  into  volume  distributions  because  the  pro¬ 
jected  diameters,  D  ,  are  converted  into  volume  diameters,  D  , 

r.r  v 

where  D  is  defined  as  the  diameter  of  a  sphere  with  the  same 

V 

volume  as  the  particle  in  question.  If  the  volume  diameters 
obtained  b;  this  transformation  are  to  provide  a  useful  measure 
of  the  true  volume  diameters,  either  the  particles  should  be 
approximately  spherical,  or  shape  factors  should  be  employed 
in  making  the  transformation.  Shape  factors  must  be  determined 
by  the  direct  measurement  of  two  oi  more  dimensions  of  a  large 


Percent  by  volume  greater  thon 


Qter  l*ion 
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number  of  particles.  Generally,  since  shape  ir  not  constant  for 
ail  -izes  of  particles  which  make  up  a  population,  different 
shape  factors  must  be  used  for  different  s'ze  ranges  of  a  dis¬ 
tribution-  However,  the  direct  measurement  of  particles  in 
the  sub-sieve  range  is  an  extremely  difficult  and  arduous 
task.  In  the  rare  instances  where  shape  factors  have  been 
determined,  the  procedure  has  been  to  assign  an  average  shape 
factor  to  the  entire  population-  Such  shape  factors  have 
generally  been  defined  as  the  ratio  of  two  mean  particle 
dimensions.  The  use  of  an  average  shape  factor  to  characterize 
an  entire  particle  population  is  acceptable  for  many  industrial 
materials  where  the  particles  are  of  uniform  composition  and 
where  particle  shapes  have  been  determined  by  a  common  and 
uniform  comminution  process.  The  use  o?  an  average  shape 
factor  may  also  be  acceptable  for  some  natural  populations  of 
fine-grained  particles  which  are  monomineralic,  or  nearly  so. 
However,  in  the  case  of  the  suspended  sediment  population  of 
the  Chesapeake  Bay,  the  assumption  is  entirely  unjustified.  As 
pointed  out  in  the  introduction,  the  particle  population  con¬ 
sists  of  both  organic  and  inorganic  particles,  and  of  composite 
particles,  all  displaying  a  wide  range  of  shapes  from  "spheres” 
to  flakes . 

A  series  of  shape  factors  would  have  to  be  determined  to 


cover  various  ranges  of  this  size  distribution.  The  determine- 


tion  of  particle  thickness,  which  would  be  required  for  the 
celculation  of  ineaningAil  sh2pe  factors,  is  almost  impossible 
for  particles  in  the  size  and  shape  ranges  encountered  here. 
Because  of  these  reasons,  shape  factors  were  not  determined, 
and  this  fact  must  be  kept  in  mind  when  examining  the  volume 
transformations . 

A  few  general  comments  will  be  of  use  in  interpreting 
and  evaluating  the  volume  transformations.  During  filtration 
the  particles  settle  with  their  largest  surfaces  in  the  plane 
of  the  filter,  and  many  of  the  composite  particles  "flatten 
out"  when  they  hit  the  filter.  Both  of  these  factors  result 
in  an  overestimate  of  the  true  volume  diameters  when  the  pro¬ 
jected  diameters,  D  ,  are  cubed  to  obtain  the  volume-size 

m 

distribution.  From  microscopic  examination  it  is  apparent 
that  the  smaller  particles  are  more  nearly  squid imensional  than 
the  larger  particles.  Most  of  the  particles  greater  than  about 
10  4  across  are  either  thin  flakes  or  composite  particles. 

This  change  in  average  shape  with  particle  size  results  in  a 
displacement  of  the  volume  size  distribution  curve  toward 
larger  sizes  when  the  volume  transformation  is  made.  In  sum- 
maiy,  the  volume  transformations  of  the  number-size  data  result 
in  an  overestimate  of  the  true  volume  diameters,  and  of  the 
statistics  associated  with  the  volume  size  distribution.  As 
pointed  out  in  +’ie  next  section,  sedimentation  size  analyses  of 
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a  parallel  set  of  samples  provided  an  underestimate  of  the  true 
volume-size  distributions-  This  underestimate  results  from  the 
fact  that  ail  irregular  particles  fall  mere  slowly  than  spheres 
of  the  same  mass  and  volume.  The  true  volume  distribution 
curve  then,  lies  somewhere  between  these  two  estimates.  We 
shall  return  to  this  topic  after  we  have  dealt  with  the  sedi¬ 
mentation  analyses. 

An  additional  factor  to  consider  when  interpreting  the 
volume-size  transformations  is  the  distorting  effect  which  a 
few  large  particles  can  have.  From  the  data  in  Table  8  and 
in  the  appendix,  it  is  obvious  that  particles  with  diameters, 
D^,  greater  than  about  15  M-  are  rare.  However,  a  single 
particle  with  a  diameter,  D  .  of  20  p  hes  a  volume  equiva- 
lent  to  that  of  8000  particles  1  p  in  diameter— assuming, 
as  we  have,  that  both  have  the  same  shape.  Since  we  usually 
sized  only  1500-2000  particles,  in  a  few  samples  a  single  large 
composite  particle  accounted  for  more  than- fifty  percent  of 

the  total  sediment  volume. 

R>r  these  reasons,  the  volume  statistics  are  much  less 
stable  than  the  number  statistics.  This  is  shown  clearly  by 
the  data  in  Table  9  which  summarizes  the  results  of  photomicro¬ 
graphic  size  analyses  of  seven  suspended  sediment  samples. 

Each  of  the  sediment  samples  was  extracted  by  filtration  from 
subsamples  of  a  10  i  water  sample  collected  from  mid-depth  at 
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station  III  C  on  0  August  1‘66  at  1P15  hours.  The  maximum  dif¬ 
ference  between  any  of  tne  number-mean  diameters,  D  ,  was  about 

m 

II  percent,  while  the  maximum  difference  between  the  volume- 
mean  diameters  was  greater  than  100  percent.  It  wouo.d  be 
necessary,  therefore,  to  size  many  more  particles  to  attain 
a  precision  of  the  volume-statistics  comparable  to  the  pre¬ 
cision  of  the  number-statistics  obtained  by  sizing  one  thousand 
particles . 

The  volume  mean  diameter  of  the  suspended  particles  of 
the  upper  Chesapeake  Ray  ranged  from  U  to  28  p  and  generally 
increased  with  depth.  No  systematic  seasonal  or  geographic 
patterns  were  observed.  A  value  of  10-15  p  for  D  would 
probably  be  a  good  estimate  of  the  average  volume-mean  dia¬ 
meter  for  this  section  of  the  Bay. 
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TABI.E  9 

STABILITY  OF  PHOTOMICROGRArHIO  SIZE  ANAI.Y:  E.  .  Subsamples  of  a 
mid-depth  sample  collected  at  Station  IITC  on  8  August  1966. 


Sample 

No. 

Vol.  of 

Water 
Filtered 
(m1  ) 

Number  of 
Particles 
Sized 

D 

m 

GO 

0 

m 

(u) 

D 

V 

GO 

0 

V 

GO 

IIIC^ 

10 

1000 

1.8 

1.5 

8.5 

4.6 

IIIC2 

10 

1000 

1-9 

1.7 

12.6 

6.8 

mc5 

10 

1000 

2.0 

1.6 

9.1 

4.9 

IHC4 

25 

1000 

2.1 

2.2 

16.9 

8.8 

me 

25 

1000 

2.0 

1.8 

9.0 

5.8 

IIIC6 

25 

1000 

2.0 

2.2 

18.0 

8.8 

mcT 

25 

100C 

]  -9 

1.6 

8.1 

!i  -5 

{‘VtfQtW* 
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SIZE  ANALYSIS  BY  SEDIMENTATION  USING  THE  MSA  PARTICLE  SIZE 

ANALYZER 

Of  all  available  methods  of  size  analysis,  sedimenta¬ 
tion  techniques  provide  the  most  satisfactory  means  of 
determining  both  the  weight  distribution  and  the  volume 
distribution  of  particles  in  the  sub-sieve  range.  Among  the 
sedimentation  techniques,  the  Mine  Safety  Appliance  Particle 
Size  Analyzer  provides  the  most  satisfactory  method  of  sedi- 
mentatior  analysis  for  fine-grained  suspended  sediment.  It 
can  work  effectively  with  small  (<  1  rag)  sediment  samples, 
and  it  can  work  rapidly  because  it  combines  gravity  and  centri¬ 
fugal  settling. 

All  sedimentation  methods  of  size  analysis  are  based 
upon  a  relationship  between  particle  size  and  terminal 
settling  velocity.  The  classic  relationship  was  derived  by 
Stokes  (1850)  for  a  rigid  sphere.  Since  Stokes'  law  is  in¬ 
voked,  often  tacitly,  in  almost  all  sedimentation  size  analyses, 
we  will  do  well  to  make  explicit  what  it  saye,  and  more  im¬ 
portantly,  what  it  does  not  say. 

Consider  the  case  of  a  small,  rigid,  sphere  settling 
in  a  viscous  fluid  at  rest-  As  the  sphere  settles,  it  is 
acted  upon  by  body  forces  and  by  surface  forces.  The  body 
forces  arise  from  gravity,  buoyancy,  and  inertia.  The  surface 
forces  arise  from  the  viscosity  of  the  fluid. 
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Stokes  (1030)  found  that  the  viscous  drag  on  a  sphere 
may  be  expressed  by 

F  -  JjqivD  (l) 

where  u  is  the  dynamic  viscosity  of  the  fluid,  v  is  the  velocity 
of  the  sphere,  and  D  its  diameter-  Equation  (l)  was  derived 
by  Stokes  as  the  limiting  case  of  the  resistance  to  a  ball 
pendulum,  and  was  stated  by  him  to  be  applicable  to  a  falling 
sphere  when  the  velocity  of  the  sphere  is  low  enough  that  the 
part  of  the  resistance  dependent  upon  the  square  of  the  velo¬ 
city  is  negligible- 

The  buoyant  force  of  the  fluid  on  the  particle  is  given 
by  Archimedes'  principle  as 

B  =  |  it  D3pQg  (2) 

where  pQ  is  the  density  of  the  fluid,  g  is  the  acceleration 
due  to  gravity,  and  D  is  the  diameter  of  the  sphere.  The 
weight  of  the  sphere  is  given  by 

W  =  mg  =  g  it  D^pg  (3) 

where  p  is  the  density  of  the  sphere,  m  is  the  mass  of  the 
sphere,  and  D  and  g  are  defined  as  before. 

If  the  sphere  were  released  from  rest,  initially  F  =  0, 
since  v  =  0.  As  the  sphere  accelerates,  it  experiences  a 
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retarding  force,  F,  which  increases  as  v  increases.  Eve>  1  ly 
a  velocity  is  reached  at  which  the  downward  force  and  ti.-'  re¬ 
tarding  force  are  equal,  and  acceleration  ceases.  This  final 
constant  velocity  is  called  the  terminal  velocity  of  the  sphere- 
It  can  be  determined  by  equating  the  downward  force  due  to 
gravity,  the  upward  buoyant  force,  and  the  upward  force  due 
to  frictional  resistance.  The  form  of  F  given  in  (l),  ac¬ 
cording  to  Stokes  (1850)  ..."may  be  employed  to  determine  the 
terminal  velocity  of  a  sphere  ascending  or  descending  in  a 
fluid,  provided  the  motion  be  sc  slow  that  the  square  of  the 
velocity  may  be  neglected."  What  this  means  is  that  if  v  is 
sufficiently  small  the  inertial  forces  are  so  much  smaller 
than  the  viscous  drag  forces  that  they  may  be  neglected  in 
the  balance  of  forces. 

Equating  those  forces  which  are  not  negligible  we  obtain 

g  it  D3pg  =  ^  it  D5pQg  +  3  n  p  vD  (4) 

weight  buoyant  viscous 
force  drag 

where  v  is  positive  downward.  Solving  for  v  we  obtain 


Equations  (l)  and  (5)  are  both  referred  to  as  Stokes’  law. 
From  (5)  we  can  determine  the  time  for  a  sphere  of  diameter, 
D,  to  settle  a  distance,  h,  under  the  influence  of  gravity. 
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We  have 

V— .  (6) 

8  (p-p0)  e® 

Since  Stokes'  lav  forms  the  basis  of  most  sedimentation 
particle  size  analyses,  it  is  extremely  important  to  point  out 
its  underlying  assumptions  and  to  establish  the  conditions  under 
which  it  can  be  expected  to  hold.  Stokes'  law  (l)  was  derived 
for  a  single,  smooth,  rigid,  sphere  settling  in  a  homogeneous 
and  continuous  fluid  of  infinite  extent  with  a  uniform  velo¬ 
city  which  is  slow  enough  that  the  viscous  drag  is  the  only 
important  restraining  force  on  the  particle. 

When  one  or  more  of  these  conditions  are  not  met, 
modifications  of  Stokes'  law  may  be  required.  The  modi¬ 
fications  demanded  by  various  degrees  of  departure  from  the 
conditions  assume  \  by  Stokes  make  up  a  voluminous  literature. 

It  is  neither  the  author's  intent  to  summarize  this  literature, 
nor  to  attempt  to  evaluate  it  in  depth.  This  Aegean  stable  shall 
remain  uncleaned.  Its  contents  shall  merely  be  put  into  dif¬ 
ferent  piles  to  allow  enough  of  the  oxen  to  be  removed  so  that 
we  can  resume  the  race.  We  shall  briefly  examine  the  range  of 
conditions  under  which  Stokes'  law  can  be  expected  to  hold,  see 
how  closely  the  suspended  particles  of  the  upper  Chesapeake  Bay 
and  the  methods  used  by  the  author  fulfill  these  conditions,  and 
finally,  we  shall  establish  what  modifications,  if  any,  of  Stokes' 


law  arc  required. 


Stokes'  law  was  derived  for  a  single  sphere.  In  sedi¬ 
mentation  size  analysis  a  cloud  of  particles  is  in  suspension, 
and  if  Stokes'  law  is  to  apply  strictly,  each  particle  must 
settle  unhindered.  When  the  particle  concentration  becomes 
sufficiently  great,  there  is  appreciable  particle  interference. 
Below  some  critical  concentration  the  interaction  is  small, 
and  Stokes'  law  can  be  expected  to  hold. 

The  general  problem  of  the  hydrodynamic  interference 
between  particles  in  a  moving  fluid  has  not  been  solved. 
Theoretical  studies  of  the  effects  of  concentration  on  set¬ 
tling  have  been  restricted  to  suspensions  of  mone-sized 
spheres  (monodisperse  systems).  In  such  systems  there  is 
no  relative  motion  between  the  particles,  so  the  problem  is 
greatly  simplified.  There  have  been  no  investigations  of  the 
interference  occurring  in  polydisperse  systems,  of  which  sus¬ 
pended  sediment  populations  are  an  example.  The  tendency  in 
polydisperse  systems  is  for  all  of  the  particles  to  settle 
together.  The  finer  particles  are  apparently  carried  down  by 
the  coarser  particles,  but  the  presence  of  the  finer  particles, 
on  the  other  hand,  tends  to  retard  the  settling  of  the  larger 
particles.  The  net  result  is  that  the  size  distribution  at 
any  level  of  a  settled  slurry  is  broader  (the  sediment  is  less 
well  sorted)  than  would  be  expected  by  considering  that  essen¬ 
tially  a  single  size  particle  is  settling  out  at  any  given  time. 
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According  to  Hawksl,  y  ( 1' ;r> l  ) ,  parUc'.  n*  erference  is 
probably  appreciable  for  concentra*  ons  greater  than  0.5  per¬ 
cent  by  volume,  and  probably  cannot  be  neglected  until  the 
concentration  is  less  than  0.05  percent  by  volume.  Jarrett 
and  Heyvood  ( 195*0  j  on  the  other  hand,  found  in  a  series  of 
careful  comparative  tests  that  interference  was  negligible  for 
conent rat  ions  less  than  1  percent  by  volume.  Irani  and  Callis 
(1963)  state  that  volume  concentrations  should  be  kept  between 
0.2  and  0.5  percent  by  volume.  The  author  found  in  a  series  of 
comparative  tests  run  on  natural  suspended  sediment  populations 
that  particle  interference  was  negligible  below  about  0.75  - 
1,0  percent  by  volume.  In  all  suspensions  analyzed  by  the 
author  all  of  the  concentrations  were  kept  below  the  1  percent 
by  volume  level  and  nearly  all  were  kept  well  below  0.5  percent. 

Stokes 1  law  was  derived  for  a  homogeneous  continuous 
fluid.  Real  fluids,  however,  are  molecular  in  nature  and  this 
condition  is  not  strictly  fulfilled.  For  most  sedimentation 
size  analyses,  the  slippage  which  occurs  because  of  the  mole¬ 
cular  character  of  the  fluid  is  unimportant.  The  slippage,  of 
course,  is  greater  the  smaller  the  particles,  and  is  more 
serious  in  gaseous  sedimentation  analyses  because  of  the  greater 
mean  free  path.  The  effects  of  slippage  in  liquids  for  particles 
equal  to  or  greater  than  0.5  u  across  are  very  small  and  have 
been  neglected  by  the  author. 
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Stokes'  law  assumes  that  the  viscous  drag  is  the  only 
restraining  fort  e  acting  on  the  sphere-  This  assumption  is 
not  fulfilled  if  the  sphere  is  so  large  or  has  a  settling 
velocity  so  great  that  a  turbulent  wake  develops.  The  as¬ 
sumption  is  valid  only  when  the  ratio  of  the  inertial  forces 
to  the  viscous  forces  is  very  small.  The  Reynolds  number  is 
a  measure  of  this  ratio.  Fbr  a  sphere  settling  in  an  un¬ 
disturbed  fluid  we  can  write  the  Reynolds  number  as 


Re 


p  vD 
o 


(7) 


where  v  is  the  velocity  of  the  sphere,  D  its  diameter,  pQ  is 
the  density  of  the  fluid,  and  v  is  the  kinematic  viscosity  of 
the  fluid. 

The  upper  limit  of  the  Reynolds  number  for  which  Stokes' 
law  still  holds  has  not  been  unanimously  agreed  upon.  Kawksley 
(1951)  states  that  the  error  in  using  the  Stokes  drag  (l)  does 
not  exceed  1  percent  until  the  Reynolds  number  is  larger  than 
about  0.09.  According  to  Rose  (195*0*  the  Stokes  drag  is  valid 
to  within  -  1  percent  for  Reynolds  numbers  less  than  0.1.  Lamb 
(1932)  sets  the  upper  limit  at  a  Reynolds  number  of  one.  Arnold 
(1911)  found  experimentally  that  the  inertial  effects  of  the 
fluid  on  t:,e  settling  velocity  were  negligible  for  Reynolds  num¬ 
bers  less  than  1.2.  Davies  (l.*U7),  cited  by  Cadle  (1965),  esti¬ 
mated  that  errors  of  1,  5>  and  10  percent  in  settling  velocity 
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correspond  to  Reynolds  numbers  of  0.07!t,  0.38,  und  0.82,  respective¬ 
ly- 

Ftor  virtually  all  size  analyses  a  choice  of  0.1  as  the 
critical  Reynolds  number  should  be  low  enough  to  ersure  satis¬ 
factory  results.  The  use  of  Stokes'  iarf  above  some  critical 
Reynolds  number  results  in  an  underestimate  of  the  particle 
iiameter  from  the  observed  settling  velocity.  Above  this 
critical  Reynolds  number  the  inertial  terms  must  be  included  in 
the  balance  of  forces.  The  inertial  terms  have  been  partially 
accounted  for  in  theoretical  solutions  by  Goldstein  (1929,  19J8). 

The  upper  limit  on  the  Reynolds  number  for  size  analysis  by 
settling  has  been  extended  to  about  10  in  theoretical  solutions, 
end  to  more  than  10  5  empirically. 

The  importance  of  a  critical  Reynolds  number  for  size 
analysis  is  what  it  means  in  terms  of  a  limiting  particle  dia¬ 
meter.  It  is  apparent  from  (5)  and  (7)  that  a  limiting 
particle  diameter  depends  upon  the  effective  density  of  the 
particle,  and  the  viscosity  of  the  fluid.  If  we  take  the  criti¬ 
cal  Reynolds  number  to  be  0.1,  then  from  (5)  and  (7)  we  find  a 
limiting  diameter  of  about  50  p  for  spherical  particles  with  a 
density  of  2-5  gm/cm3  settling  in  water  at  25  C.  Since  the 
suspended  particles  of  the  upper  Chesapeake  Bay  have  about  this 
density,  and  since  almost  no  particles  with  "diameters"  greater 
than  50  p  were  observed,  the  inertial  forces  could  be  safely 
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neglected  and  the  Stokes  drag  (l)  could  be  used. 

There  is  also  a  lower  size  limit  to  the  applicability 
of  Stokes'  law.  Stokes'  law  fails  to  hold  ror  particles 
which  are  so  small  that  the  bombardment  of  them  by  the  fluid 
particles  becomes  an  effective  force.  The  lower  limit  for 
centrifugal  settling  is,  according  to  Irani  and  Callis 
(1963),  about  0.01  p.  Some  other  investigators  place  it  some¬ 
what  higher,  but  it  is  always  within  the  colloidal  range.  The 
lower  limit  for  gravity  settling  is,  of  course,  higher  than 
for  centrifugal  settling.  Since  the  author  used  centrifugal 
settling  for  particles  less  than  10  p  in  diameter,  no  modi¬ 
fications  of  Stokes'  law  were  required. 

Stokes'  drag  was  derived  for  a  sphere  settling  in  a 
fluid  of  infinite  extent.  Since  all  sedimentation  analyses 
are  carried  out  in  vessels  of  finite  extent,  it  is  important 
to  determine  the  conditions  under  which  the  retarding  influence 
of  the  walls  must  be  taken  into  consideration.  Theoretical 
drag  relationships  have  been  derived  for  a  sphere  moving  with 
an  infinitely  low  velocity  parallel  to  an  infinite  plane, 
between  two  parallel  infinite  planes,  and  along  the  axis  of  an 
infinitely  long  cylinder  (see  Hawksley,  1951)*  All  of  the 
theories  have  been  derived  for  infinitely  slow  motion  and  in  all 
cases,  the  drag  increases  as  the  ratio  of  the  particle  diameter 
to  the  distance  from  the  wall(s)  increases.  The  wall  effects 
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decrease  as  the  Reynolds  number  Increases,  aril  are  probably 
negligible  for  Reynolds  numbers  greater  than  1  according  t.o 
Hawks  ley  ( 1 '  *5  1  ) . 

The  experimental  evidence  is  not  conclusive,  and  there 
is  no  detailed  published  evaluation  of  the  available  data.  Ex¬ 
periments  by  Arnold  (l"ll)  using  various  sized  spheres  and  a 
long  cylinder,  indicated  that  the  drag  on  an  axially  falling 
sphere  is  not  appreciably  affected  until  the  diameter  of  the 
particle  equals  l/lO  of  the  diameter  of  the  cylinder.  According 
to  data  from  Landerburg  ( 1907 }  as  given  by  Hawks  ley  (I95l)>  Tor 
Reynolds  lumbers  equal  to  or  less  than  0.05,  the  Stokes  drag 
should  be  divided  by  about  0.95  Tor  a  10  p  sphere  settling 
along  the  axis  oT  a  cylinder  whose  diameter  is  1000  p.  The 
capillaries  oT  the  two  types  oT  MSA  centrifuge  tubes  which 
were  used  by  the  author  have  diameters  of  750  and  1000  p. 

It  is  clear  that  the  drag  is  increased  by  the  presence 
of  the  walls  and  the  base  of  the  sedimentation  vessel,  however, 
because  of  the  lack  of  agreement  as  to  what  corrective  factors 
should  be  used,  no  modifications  of  the  Stokes  drag  have  been 
made  by  the  author. 

Stokes'  law  was  derived  for  a  smooth,  rigid  sphere.  The 
suspended  particles  which  the  author  is  interested  in  are  essen¬ 
tially  rigid  so  this  condition  is  sufficiently  satisfied.  The 
particles  are  probably  not  smooth  however,  and  they  are  rarely 
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spherical.  There  Is  very  iiU.lc  inf  (e-mat.  ion  '-otieerning  t.iie 
ef feels  of  surface  roughness  on  setf-J  >ng  veK/'-ily.  Arnold 
(1)11)  found  that  minor  surface  irregularities  did  not  appreciably 
affect  the  settling  velocity  of  small  spheres.  Because  of  the 
lack  of  data,  the  author  has  not  applied  any  corrections  for 
surface  roughness. 

Tiie  condition  of  spherical  particles  is  rarely,  if  ever, 
satisfied  by  natural  f :ne-grained  sediment  populations.  Gener¬ 
ally,  a  wide  range  of  shapes  is  present.  The  settling  charac¬ 
teristics  of  non-spherical  particles  can  be  most  conveniently 
discussed  by  considering  two  settling  ranges — settling  which  is 
within  the  Stokes  range,  and  settling  which  occurs  at  Reynolds 
numbers  outside  of  the  Stokes  range.  Since  the  particles  in 
which  we  are  interested  settle  at  Reynolds  numbers  within  the 
Stokes  range,  we  shall  limit  our  discussion  to  these. 

There  is  a  great  deal  of  confusion  in  the  literature 
concerning  the  alleged  departures  from  Stokes'  law  arising 
from  the  shapes  of  non-spherical  particles.  Much  of  this  con¬ 
fusion  apparently  stems  from  a  failure  to  understand  the  meaning 
of  the  term,  Stokes  diameter.  A  Stokes  diameter  is  defined  as 
the  diameter  of  a  sphere  having  the  same  density  and  the  same 
terminal  settling  velocity  as  the  particle  in  question  in  a 
fluid  of  the  same  density  and  viscosity.  Neither  a  volume,  nor 
a  mass  equivalence  is  asserted,  only  an  equivalence  in  settling 


veloc  ity.  If  the  investigator's  interest  ;n  the  particle  popu¬ 
lation  is  to  characterize  a  sedimentary  process,  then  the  Stokes 
diameter  is  a  useful  measure,  and  Stokes'  law  can  be  applied 
directly.  If,  on  the  other  hand,  the  investigator  is  inteiested 
in  the  particles  primarily  as  a  product,  then  he  is  probably 
more  interested  in  their  masses  or  volumes,  and  accordingly  in 

a  volume  diameter  .  A  volume  diameter,  D  ,  is  defined  as  the 
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diameter  of  a  sphere  having  the  same  volume  as  the  particle  in 
question.  The  determination  of  the  volume  diameters  of  non- 
spherical  particles  by  settling  may  require  modifications  of 
Stokes'  law.  The  modifications  will  depend,  of  course,  on  the 
shape  factors  of  the  particles.  The  Stokes  and  volume  dia¬ 
meters  will  be  equal  only  for  spheres.  According  to  Irani  and 
Callis  (1963)  Stokes'  law  can  be  safely  used  for  particles 
whose  maximum-to-minimum  diameter  ratio  does  not  exceed  U . 

This  means  that  under  these  conditions  the  Stokes  diameter, 

’  .  is  a  "good"  estimator  of  the  volume  diameter,  D  .  The 

a  -  - ■>  v 

exact  relationship  between  the  Stokes  diameter,  the  volume 
diameter,  and  the  sphericity  is  not  known  (Hawksley,  1951). 

As  pointed  out  later  however,  there  is  good  reason  to  believe 
that  the  Stokes  diameter  is  always  less  than  the  volume  diameter, 
except  for  spheres. 

2  Also  known  as  a  spherical  diameter  and  a  true  nominal 


diameter. 
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Theoretical  investigations  of  the  sett.Png  of  non- 
spherical  particles  within  the  Stokes  range  have  been  limited 
to  ellipsoids,  infinitely  long  cylinders,  flat  blades,  and  in¬ 
finitely  thin  discs  (Lamb,  1932 ) -  For  a  discussion  of  the 
theoretical  work  the  reader  is  referred  to  Gans  (1028),  Davies 
(1^47),  and  Iamb  (1932). 

Kunkel  (1948)  found  In  an  experimental  study  that  all 
shapes  fall  more  slowly  than  the  sphere  of  the  same  mass  and 
volume.  His  study  included  aggregates  of  particles  as  well 
as  single  particles  of  various  shapes.  He  found  that  aggre¬ 
gates  fell  in  such  a  way  as  to  offer  the  greatest  possible 
resistance.  In  general,  Kunkel  concluded  that  all  shapes 
fall  more  slowly  than  the  equivalent  spheres,  and  that  ... 

"the  deviation  from  Stokes’  law  increases  with  the  deviation 
from  spherical  shape  and  it  is  always  in  the  sense  of  causing 
slower  fall  than  the  sphere  of  the  same  mass  so  that  size  esti¬ 
mates  would  always  yield  a  radius  which  is  too  small  ”  The 
radius  is  too  small  only  if  the  investigator  is  interpreting 
the  results  in  terms  of  a  volume  diameter.  Once  again  it  must 
be  pointed  out  that  the  investigator  must  decide  whether  he  is 
interested  in  Stokes  diameters  or  volume  diameters .  Results 
obtained  with  Stokes'  law  are  expressed  in  terms  of  a  Stokes 
diameter .  These  "diameters"  will  be  equivalent  to  volume  dia¬ 
meters  only  if  the  particles  are  spheres.  In  all  other  cases, 


the  Stokes  diameters  will  be  Jess  'ban  the  corresponding  volume 
diameters  .  and  the  degree  of  departure  between  the  two  measures 
depends  upon  the  shapes  (sphericities)  of  the  particles.  If 
the  investigator  is  interested  in  volume  diameters  it  may  be 
necessary  for  h!m  to  employ  shape  factors.  It  is  not  clear 
however,  from  the  available  literature  how  Stokes’  law  should 
be  modified  for  various  shapes  of  particles  to  determine 
volume  diameters .  The  modifications  must,  of  course,  be  based 
upon  shape  factors  and  these  are  extremely  difficult  to  deter¬ 
mine  for  small  particles. 

Wadell  (1936)  quoted  by  Krumbein  and  Pettijohn  (1938) 
derived  a  modified  form  of  Stokes'  law  by  developing  a  resis¬ 
tance  formula  for  a  particle  intermediate  in  shape  between  a 
sphere  and  a  disc.  He  obtained  the  following  expression  for 
the  drag 

R  =  9-*^  n  r  p  v  .  (8 

Comparison  of  (8)  with  (l)  shows  that  Wadell's  drag  differs 
from  the  Stokes  drag  only  in  the  value  of  the  numerical  con¬ 
stant.  Using  (8)  to  obtain  an  expression  for  the  terminal 
settling  velocity,  Wadell  found 
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sed imcntation  d  i ampler,  and  Uie  rant  of  the  terms  are  defined  as 
bcfoi  e  If  we  divide  (?)  by  ( V )  we  obtain  v/v  0.6-4  and 
have  a  convenient  way  of  modifying  results  obtained  with  ''uokes ' 
law  to  account  for  shape  variations.  1l  :an  be  easily  shown 
that  a  practical  sedimentation  diameter  is  1.25  times  as  large 
as  the  corresponding  Stokes  diameter. 

The  author  has  used  Wadell's  equation  in  some  instances 
to  get  a  better  idea  of  the  volume  diameters  of  the  suspended 
particles  of  the  Chesapeake  Bay.  In  cases  where  it  has  been 
used,  both  the  Stokes  diameters  and  the  Wadell  estimates  of  the 
volume  diameters  have  been  plotted. 

One  of  the  largest  uncertainties  in  all  sedimentation 
analyses  arises  from  the  necessity  of  assuming  a  mean  density 
for  the  entire  particle  population.  In  most  industrial  samples, 
and  in  natural  sediment  populations  in  which  there  is  little 
density  variation,  this  does  not  present  a  serious  problem  if 
the  sample  size  is  large  enough  so  that  the  mean  density  can 
be  determined.  The  error  in  a  calculated  Stokes  diameter  due 
to  a  difference  in  the  assumed  and  true  densities  will  be 
approximately 


percent  error  in 


ptrue  Pc 


assumed 


where  pQ  is  the  density  of  the  sedimentation  fluid.  For  example, 

if  o,  =  2.5,  P  ,=  2.2,  and  p  -  1.0,  the  percent  error 

true  -  ^assumed  ’  Ko  ’ 


In  D  is  about  12  percent. 

S 

F’or  populations  whose  particles  have  a  wide  range  in 

density,  it  is  nearly  impossible  to  determine  what  effect  the 

assumption  of  a  mean  density  has  on  the  observed  distribution. 

The  suspended  particles  of  the  Chesapeake  Bay  have  a  range  in 

density  from  about  1  gm/cm3  for  organic  detritus  and  plankton 

to  about  2.8  gm/cm3  for  some  clay  particles.  The  densities  of 

seven  samples  were  determined  with  a  pycnometer,  and  were  found 

* 

to  range  from  2.21*  to  2.60  gm/cm'”. 

For  particles  smaller  than  approximately  10  p  the 
analysis  may  be  accomplished  in  a  shorter  time  if  centrifugal 
settling  is  substituted  for  gravitational  settling.  Additional 
advantages  are  a  lessening  of  the  effects  of  convection  cur¬ 
rents,  Brownian  movements,  and  flocculation.  These  effects 
all  introduce  increasingly  serious  distortions  of  the  results 
as  the  particles  become  smaller.  Centrifugal  settling  is 
identical  in  principle  with  gravitational  sett.ing.  It  differs 
only  in  the  force  which  causes  the  settling.  The  constant  force 
of  gravity  is  replaced  by  the  variable  centrifugal  force  which 
depends  on  the  angular  velocity  and  the  radius  of  rotation. 

To  understand  sedimentation  in  a  centrifugal  field, 
let's  consider  the  case  of  a  small  sphere  of  density,  p,  being 
sedimented  in  a  fluid  of  density,  pQ,  where  p  is  greater  than  pQ. 
At  any  time  the  sphere  is  acted  upon  by  the  effective  centrifugal 
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force  air:  un  0||e,ni g  viscous  'Ira/'  force. 

fugal  lorce  mcy  be  Oa{T<  ssed  as 
/ 

/  \ 

T~  p  -  po  w  r 


Tru  effect  ivo  centri- 


(10) 


where  D  is  the  'liatneler  of  Uie  sphere,  p  its  density,  the 
density  of  the  sedimenting  fluid,  w  is  tlie  angular  velocity,  and 
r  is  the  distance  of  the  sphere  from  the  axis  of  rotation.  The 
viscous  drag  force  is  the  same  as  in  the  case  of  gravity  set¬ 
tling,  namely  JflhvD  . 

Locally  these  forces  are  nearly  balanced  for  very  small 
particles  (less  than,  say,  10  p  in  diameter)  and  we  can  write 


■^5-  ^o-pQ)  i/r  =  3  JfpvD 

Effective  centri-  Viscous 
fugal  force  drag  force 

Solving  for  v,  we  obtain 

(p-Po)(/rD" 

v  =  Tail 


(ii) 


(12) 


Equation  (12)  shows  that  with  centrifugal  sedimentation  v  is  a 
function  of  r,  the  radius  of  rotation  of  the  sphere,  and  a  con- 

! 

stant  terminal  velocity  is  not  reached  as  in  gravity  settling. 
This  means  that  the  time  for  the  sphere  to  settle  a  given  dis¬ 
tance  must  b"  determined  by  integration.  Since  v  =  dr/dt,  we 
can  write  (12)  as 


dr 

dt 


(p-Po)w  rD‘ 

18p 
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(p-po)uV  ri 


where  t  is  the  time  for  a  sphere  of  diameter,  D,  to  settle 
from  Tj  to  r2  while  being  centrifuged  at  an  angular  velocity  w. 

If  the  particles  are  started  from  the  surface  of  the 
sedimentation  liquid,  as  in  the  layer  sedimentation  method, 
and  if  the  sample  is  centrifuged  immediately,  then  (l1*)  can 
be  applied  directly  to  obtain  the  time  necessary  for  a  sphere 
of  diameter,  D,  to  arrive  at  the  bottom  of  the  centrifuge  tube. 
In  this  case  r  would  be  the  distance  from  the  axis  of  rotation 
to  the  surface  of  the  sedimentation  liquid  and  r2  would  be  the 
distance  from  the  axis  to  the  bottom  of  the  tube.  In  the  method 
used  by  the  author,  which  combines  gravity  and  centrifugal  set¬ 
tling,  we  cannot  apply  (l4)  directly  since  r  can  no  longer  be 
taken  as  the  distance  from  the  axis  to  the  surface  of  the  sedi¬ 
mentation  liquid.  The  reason  for  this  is  that  during  the  period 


of  gravity  settling  the  particles  become  scrT>-l  throughout  the 
column  of  liquid  because  of  differences  i-n  o;ze^.  Therefore, 
at  any  time  b  greate"  than  zero,  different  size  particles 
will  have  different  r  values.  The  appropriate  value  of  r 
to  assign  to  a  particular  sphere  will  depend  upon  the  diameter 
of  the  sphere,  and  the  duration  of  the  gravity  settling  period. 
We  can  determine  the  r.  appropriate  to  a  particular  size  of 
sphere  from  an  equation  of  the  form 


r  =  r  +  r 
l  o  g 


where  r  is  the  distance  from  the  axis  of  rotation  to  the  sur- 
o 

face  of  the  sedimentation  liquid,  and  r  is  the  distance 

g 

below  the  surface  to  which  the  sphere  will  have  settled 

during  the  period  of  gravity  settling  T  . 

During  the  gravity  settling  period,  T  ,  all  spheres  with 

£ 

diameters  equal  to  or  greater  than  some  diameter,  D  ,  will  have 

& 

settled  to  the  bottom  of  the  tube,  a  distance  we  shall  call 

h  (hnr  -r  )•  All  spheres  with  diameters  less  than  D  will  have 
2  l  g 

The  sorting  is  actually  due  to  differences  in  settling  velocity 
which  may,  or  may  not,  be  closely  associated  with  differences  in 
size.  However,  for  convenience  we  shall  consider  that  we  are 
dealing  with  a  polydisperse  population  of  spheres  of  ’uniform 


density. 
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settled  a 
less  than 

T 

g 


lesser  distance.  Consider  a  sphere  of  diameter  D 


D  which  has  settled  a  distance  r  .  From  (6) 

g  p  '  ' 


Kh 


Kr 


D 


or 


Hence, 


g 

from  (15) 


(16) 


(IT) 


which  says  that  r  for  a  sphere  of  diameter,  D,  depends  upon 

the  diameter,  D  ,  of  the  sphere  which  was  just  settled  in  the 
S 

time,  T  .  If  we  substitute  (IT)  into  (l4)  we  obtain 
£> 


t  = _ m . 

(p-P0)»V  ,  +  hD^ 

0  D  2 
g 

which  can  be  used  to  calculate  the  centrifuging  times  corres¬ 
ponding  to  the  sedimenting  times  of  spheres  of  designated  dia¬ 
meters  . 


The  MSA  Particle  Size  Analyzer  combines  gravity  settling 
with  centrifugal  settling  in  a  cumulative  sedimentation  tech¬ 
nique  for  the  determination  of  the  volume-size  distribution. 

The  MSA  procedure  calls  for  the  determination  of  the  amount  of 
sedimented  material  at  times  precalculated  from  Stokes'  law. 


The  amount  of  material  is  determined  by  measuring  the  height  of 
the  column  of  settled  particles  which  have  a jc  emulated  in  the 
capillary  of  one  of  the  special  centrifuge  tubes. 

The  volume  distribution  is  then  calculated  from  the  r^tio  of 
the  sediment  height  observed  at  times  corresponding  to  certain 
Stokes  diameters  (D  )  to  the  sediment  height  after  "all" 

S 

particles  have  settled.  It  is  assumed  that  the  sediment  height 
is  proportional  to  sediment  volume. 

A  complete  analysis  consists  of  the  following  steps:  (l) 
sample  collection,  (2)  calculation  of  a  reading  schedule,  (3) 
sample  dispersion,  (4)  transfer  of  the  suspension  to  one  of  the 
special  centrifuge  tubes,  (5)  reading  the  sediment  height  at 
times  precalculated  from  Stokes'  law  for  the  gravity  settling 
period,  (6)  transfer  of  the  centrifuge  tube  to  the  lowest 
speed  centrifuge,  running  for  a  precalculated  time,  removing 
the  tube  and  determining  the  sediment  height,  (7)  continuing 
centrifuging  for  predetermined  combinations  of  times  and  speeds 
until  the  reading  schedule  has  been  completed,  and  (8)  cal¬ 
culating  the  volume-size  distribution  from  the  measured  sediment 
heights • 

Before  discussing  these  steps  we  will  take  a  closer  look 
at  the  components  of  the  MSA  Particle  Size  Analyzer.  The  com¬ 
plete  MSA  Particle  Size  Analyzer  consists  of  four  special 
centrifuges  (300,  600-1200,  1800,  and  3600  r.p.m.),  the  MSA 
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Optical  Projector,  and  ojecial  centrifuge  tub-.:.  Miscellaneous 
accessories  include  a  feeding  chamber,  mean  ring  rods,  cleaning 
wires,  and  a  tube  rack.  The  major  components  have  been  designed 
as  separate  units,  and  for  most  analyses  two  of  the  centrifuges 
are  sufficient.  The  specially  designed  centrifuges  have  the 
following  characteristics:  (l)  Speeds  constant  to  within  ±  1 
percent  of  their  stated  values.  (?)  Maximum  acceleration  rates 
of  less  than  5  rad  sec  during  starting  and  stopping.  (3) 

Stable  starting  and  stopping  characteristics.  The  speed 
versus  time  curves  during  starting  and  stopping  are  known  and 
constant  enough  that  corrections  do  not  vary  more  than  ±  0.5 
sec.  (U)  Built-in  1  sec  to  1  hour  timers  allowing  the  centri¬ 
fuges  to  be  started  and  stopped  without  adjusting  any  speed 
control  device. 

The  centrifuges  are  powered  by  hysteresis  type  syn¬ 
chronous  motors.  The  starting  and  stopping  characteristics 
are  controlled  by  a  combination  of  an  inertia  d .sk  on  the  motor 
shaft  and  a  variable  resistor  in  series  with  one  winding  of  the 
motor.  The  centrifuges  are  equipped  with  small,  two-place, 
commercial  heads.  The  speed  stability  and  the  controlled  ac¬ 
celeration  rates  of  the  MSA  centrifuges  remove  two  of  the  serious 
drawbacks  to  size  analysis  by  centrifugation.  Most  ordinary 
laboratory  centrifuges  lack  speed  stability,  and  their  acceler¬ 
ation  rates  are  too  low  at  low  speeds,  and  toe  high  at  high 
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speeds  for  reliable  size  analysis. 

^e  special  centrifuge  tubes  designed  to  fit  standard 
15  ml  centrifuge  shields,  are  available  with  three  different 
capillary  bore  diameters--!  mm,  0*75  mm,  and  0.5  mm. 

The  MSA  projector  projects  a  magnified  (^5X)  image  of 
the  capillary  and  its  sediment  column  onto  a  graduated  screen 
for  easy  and  convenient  measurement .  The  magnification  also 
allows  the  investigator  to  check  on  the  dispersion  of  the 
sample,  and  to  get  ar.  idea  of  the  shapes  of  the  large  particles. 
The  projector  is  used  to  hold  the  sedimentation  tube  during  the 
gravity  settling  period.  The  projector  is  equipped  with  a 
cam  operated  tapper  which  is  used  during  the  gravity  settling 
period  to  prevent  particles  from  sticking  to  the  walls  of  the 
tube.  The  tapper  gently  strikes  the  tip  of  the  tube  at  the 
rate  of  ^0  times  per  minute. 

Using  a  600-1?'JO  r.p.m.  centrifuge,  an  1800  r.p.m. 
centrifuge,  0.5  mm  and  0.75  mm  capillary  centrifuge  tubes,  and 
a  tube  projector,  Chesapeake  Bay  suspended  sediment  samples  were 
successfully  sized.  The  procedures  which  were  followed  are 
described  below. 

1.  Sample  Collection 

Suspended  solids  for  MSA  size  analysis  were  extracted 
from  subsamples  of  the  pumped  water  samples  described  earlier. 
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The  samples  for  MCA  analysis  were  obtained  from  at  least  three 
depths--surface,  mid-depth,  and  1  m  off  the  bottom,  at  all 
channel  stations,  the  Susquehanna  IUver  station,  and  at  other 
selected  stations.  At  each  sample  depth  generally  three  samples 
of  the  suspended  so'.ids  were  collected  by  filtration --one 
sample  of  approximately  1  mg  on  a  0.22  p  Millipore  filter,  1 
sample  of  2  to  5  mg  on  a  0.45  p  silver  filter,  and  a  third 
sample  consisting  of  the  suspended  solids  from  500  ml.  of  water 
on  a  0.45  p  silver  filter.  In  addition,  some  raw  water  samples 
of  1  to  2  liters  were  collected  and  stored  in  bottles. 


2.  Calculation  of  The  Reading  Schedule 


Except  in  the  case  of  extremely  fine-grained  material, 
a  complete  MSA  analysis  involves  both  gravity  and  centrifugal 
settling,  and  it  is  convenient  ro  calculate  a  complete  reading 
schedule  before  a  run  is  initiated.  Generally  a  series  of 
diameters  are  chosen  which  cover  the  size  range  of  the  sample, 
anc.  the  corresponding  settling  times  are  calculated.  The 


gravity  portion  of  :he  schedule  is  calculated  from  Stokes'  law, 
(5).  Equation  (5)  gave  the  terminal  velocity  of  a  sphere  as 


Ds  (p-p0> 


and  (6)  gave  the  time,  t  ,  for  a  sphere  to  settle  a  distance  h 

8 

under  the  influence  of  gravity  as 


5*v" 


15? 


].&  ill 

t  _  =  - 1 - 7 

g  VP-P0)g1V 

If  the  units  of  D  are  microns,  and  if  the  other  terms  are  ex¬ 
pressed  in  c.g.s.  units,  then  t  ,  in  seconds,  is  given  by 


g 


18  x  10Pph 
(p-po)gD^ 


(19) 


If  we  let 


K 

g 


18  x  108ph 
(p-pQ)g 


(20) 


then  (19)  can  be  expressed  by 


t 

g 


K 

g 

p 

D 


(21) 


Since  is  a  constant  for  a  given  material  in  a  given 
sedimentation  liquid,  a  complete  reading  schedule  for  the 
gravity  period  can  be  readily  calculated  from  (21 )  for  any 
sizes  desired. 

It  is  generally  convenient  to  change  from  gravity 
settling  to  centrifuge  settling  about  10  to  15  minutes  after 
the  beginning  of  a  run.  Although  it  is  desirable  to  keep  the 
gravity  portion  of  the  run  as  short  as  possible  to  speed  up  the 
analysis,  there  is  a  lower  limit  since  the  centrifuge  timer  set¬ 
tings  must  be  at  least  as  long  as  the  times  necessary  for  them  to 
leac'n  constant  speed. 

The  centrifuge  portion  of  the  reading  schedule  can  be 


calculated  from  a  modified  form  of  (18).  Equation  (18)  can  be 
simplified  in  the  same  manner  as  (19)  by  tne  use  of  a  constant. 


Vo  can  define  a  K  for  each  centrifuge. 

cj  ^ 

K  .  18  ■?  (22) 

"  (p-P0)u‘ 

Comparing  (22)  to  (20)  we  see  that 

K  =~£tK  (25) 

U  .  2  g 


and  we  con  write  (18)  as 
X 


t  = 


. _ 2_ 


'  ^  hD  i 

tr  +  — r) 

0  D  2 

g 


(24) 


Equations  (18)  and  (24)  cannot  be  used  directly  to  calculate 
centrifuging  times  since  they  are  based  on  the  assumption  that 
w  is  constant  for  the  entire  centrifugi ns:  period.  This,  of 
course,  in  practice  is  not  true  because  the  centrifuges 
must  be  started  and  stopped.  Consequently  a  corrective  time 
factor,  t  ,  must  be  added  to  the  times  calculated  from  (24) 
to  obtain  the  correct  centrifuge  timer  settings.  The  deter¬ 
mination  of  starting-and-stopping  corrections  is  discussed  in 
Appendix  B.  The  time  calculated  from  (24)  plus  t  gives  the 

to 

initial  centrifuge  timer  setting.  Subsequent  times  r.-alculated 
from  (24)  must  also  be  corrected  to  account  for  previous  centri¬ 
fuging  time,  as  veil  as  for  starting  and  stopping.  We  can  express 
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the  initial  tuner  netting,  t,  in  the  form 

t  =  t'  +  x  (25) 

(0 

where  t'  is  the  time  calculated  from  (2;t)  and  x  is  the  starting- 
stopping  co-  -ection  factor.  Subsequent  timer  settings  for  the 
same  u;  can  be  determined  from 


t 

n 


n-1 


+  T 

W 


(26) 


where  t  is  the  nth  timer  setting,  t  '  is  the  nth-time  cal- 
culated  from  (2**),  tn  '  is  the  constant-speed  time  equivalent 
of  previous  centrifuging  also  calculated  from  (21*),  and  x 

w 

is  the  starting-stopping  correction  factor. 

When  w  is  increased,  the  t  1 1  term  in  (26)  must  be 

2 

multiplied  by  {—)  to  determine  the  first  timer  setting  at 
the  new  speed.  This  is  true  since  an  interval  t  at  u>i  is 

“J  2 

eauivalent  in  terms  of  sedimentation  to  an  interval  ( — )  t 

w2  n 

at  speed  102  as  can  be  seen  from  (lU). 

In  summary  then,  we  have  the  following  equations  for  the 
calculation  of  settling  times: 

For  gravity  settling  times 

_  10  x  10  hp  _  g 
(p-Po)g02  D‘ 


For  centrifuge  settling  times 
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m  v.  -,^8  r  K  r 
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0  D  2  0  D  2 
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For  the  initial  centrifuge  timer  setting 


K  r 

t '  =  -j  In  - -2 -  +  t 

D2  hD2  u 

r  +  - 

°  D2 
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For  successive  timer  settings  at  the  same  speed, 


t  =  t  1  -  t  1  +  T 
n  n  n-l  u 


Initial  timer  setting  after  changing  speed  from  Uj  to  l>2 


t 

n 


w 


(— )2  +  T 

V  U2 


A  sample  reading  schedule  is  worked  out  in  Appendix  C. 
For  further  discussion  the  reader  is  referred  to  the  MSA  manual 
and  to  Cartwright  and  Gregg  (1958)* 


3.  Sample  Dispersion 

Proper  sample  dispersion  is  one  of  the  most  important 
factors  in  any  sedimentation  analysis,  and  is  one  of  the  most 
difficult  conditions  to  fulfill — particularly  when  the  determination 
of  the  naturally  occurring  particle  size  distribution  is  the  aim 


of  the  analysis.  As  pointed  out  previously,  choosing  the  proper 
intensity  of  dispersion  is  akin  to  steering  a  course  between 
Scylla  and  Charybdis.  If  the  dispersion  is  too  vigorous, 
naturally  occurring  flocculates  may  be  destroyed,  while  if 
the  dispersion  is  too  weak  additional  flocculates  may  be  pro¬ 
duced  during  the  analysis.  The  only  course  open  is  to  use 
moderate  dispersion  and  to  include  a  number  ol  checks  in  the 
analysis . 

The  MSA  method  is  probably  more  sensitive  to  the  state 
of  sample  dispersion  than  any  other  size  analysis  technique. 

The  primary  reason  for  this  is  that  if  dispersion  is  not 
adequate,  the  void  spaces  between  the  settled  particles  will 
be  greater  than  for  the  monodisperse  system  which  is  assumed 
to  be  settling  out  at  any  given  time.  This  increased  void 
space  will  result  in  a  reorientation  of  the  particles  at  high 
centrifuge  speeds  and  a  compaction  of  the  sediment  column, 
which,  if  appreciable,  will  invalidate  tha  analysis. 

A  number  of  criteria  have  been  established  for  determining 
whether  or  not  adequate  dispersion  has  been  achieved.  A  good 
discussion  can  be  found  in  Herdan  (i960).  It  is  important  to 
remember  that  the  phrase  "adequate  dispersion"  has  a  much  dif¬ 
ferent  meaning  in  most  industrial  applications  than  it  does  in 
this  study.  Industrial  size  analyses  are  generally  concerned 
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with  the  size  distribution  of  the  primary  particles  and  an 
effort  is  made  to  destroy  all  flocculates.  In  industrial 
applications  the  most  powerful  criterion  of  adequate  dispersion 
is  that  repeated  analyses  of  a  sample  should  give  the  same 
results  regardless  of  the  dispersive  procedures  employed. 

This  criterion  is  obviously  less  useful  when  the  investigator 
is  interested  in  preserving  the  naturally  occurring  composite 
particles . 

The  procedures  and  criteria  which  the  author  found  to  be 
most  useful  for  establishing  adequate  dispersion  were: 

(1)  Microscopic  examination  of  a  drop  of  suspension  just  prior 
to  analysis.  If  the  particles  less  than  2  p  were  more  or  less 
evenly  dispersed,  and  if  they  exhibited  Brownian  movement,  the 
sample  was  considered  to  be  adequately  dispersed  at  this  stage. 

(2)  Tie  direct  observation  with  the  projector  of  the  particles 

in  the  capillary  of  the  centrifuge  tube.  If  there  was  no  visible 

flocculation,  or  sticking  of  particles  to  walls  of  the  capillary, 

the  sample  was  assumed  to  be  adequately  dispersed. 

(5)  Determination  of  the  degree  of  compaction  of  the  sediment 
_ 

A  primary'  particle  is  an  individual  particle  or  any  true  ag¬ 
gregate  of  individual  particles  which  are  so  firmly  held  together 
that  it  is  not  possible  to  distinguish  the  individual  particles 
making  up  the  group.  (American  Society  for  Testing  and  Materials, 
ASTM  E  20  -  51  T,  19  51). 
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column  during  analysis.  If  lh-_-  he  :ght  of  >  rit  sediment  column 
did  not  due  reace  us  Uie  'entr  i  (  .ge  sc^ed  van  increased,  the 
sample  was  assumed  to  be  adequately  dispersed. 

(U)  Filtration  and  microscopic  size  analysis  of  a  portion  of 
the  suspension  prepared  for  MSA  analysis.  The  subsample  was 
filtered  through  a  0.22  |i  Millipore  filter,  photographed,  and 
sized  with  the  Zeiss  Particle  Size  Analyzer.  The  results  were 
compared  with  the  results  of  the  Zeiss  analysis  of  a  sample 
collected  at  the  same  time  and  from  the  same  depth  as  the  first 
sample,  but  which  was  filtered  immediately  after  collection 
without  any  pre treatment.  The  methods  of  collection  and 
analysis  of  this  set  of  samples  were  explained  in  the  section 
on  microscopic  size  analysis.  Since  this  second  sample  was 
not  dispersed  in  any  way,  its  size  distribution  is  presumably 
representative  of  the  in  situ  size  distribution  of  the  suspended 
matter.  This  comparison  provided  the  most  powerful  criterion 
in  assessing  the  state  of  dispersion. 

All  of  these  criteria  were  used  for  each  sample,  and  if 
at  any  step  the  sample  failed  to  meet  these  specifications,  it 
was  either  resuspended,  redispersed  and  the  analysis  rerun,  or 
the  sample  was  discarded. 

The  MSA  samples  were  dispersed  in  standard  50  ml  centri¬ 
fuge  tubes  with  a  small  stirrer  attached  to  a  variable  speed  motor. 
The  suspensions  were  prepared  in  one  of  several  ways  depending 
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upon  the  mode  of  sediment  collection.  Sediment  samples  on  silver 
filters  were  removed  from  the  me  jm.  '■s  either  by  brushing 
lightly  or  by  the  use  of  an  ult:  .sonicator.  Sediment  samples 
on  Millipore  filters  were  removed  either  by  brushing  or  by 
dissolving  th j  membrane  in  acetone.  The  sediment  contained 
in  raw  water  samples  was  first  concentrated  and  washed  by 
centrifugation,  and  then  resuspended  and  dispersed  in  distilled 
water.  Since  the  author  used  the  homogeneous  sedimentation 
technique  .’or  most  of  the  samples,  the  dispersive  liquid 
generally  served  as  the  sedimentation  liquid.  Distilled  water 
was  used  in  all  cases  except  for  the  Millipore  filters  which 
were  dissolved  in  acetone.  These  samples  were  analyzed  with 
acetone  as  the  sedimentation  liquid.  The  effects  of  the  dis¬ 
solution  of  the  Millipore  membrane  on  the  density  and  the  vis¬ 
cosity  of  the  acetone  had  to  be  determined  and  the  new  values 
were  used  in  uhe  calculation  of  the  reading  schedule.  The  new 
values  of  p  and  p,  although  higher  than  those  for  pure  acetone, 
were  still  lower  than  the  corresponding  values  for  water  and 
consequently  speeded  up  the  analyses. 

For  many  samples  physical  agitation  must  be  supple¬ 
mented  by  dispersing  and  wetting  agents  to  achieve  proper 
dispersion.  A  fairly  complete  discussion  of  wetting  and  dis¬ 
persing  agents  with  recommendations  for  use  with  specific  materials 
is  given  by  Hendan  (i960). 
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The  usp  of  wcV  ing  and  iisjersing  agur  s  was  kept  at  a 

w 

minimum  in  thin  study.  Only  Tween  00  ,  and  sodium  hexameta- 
jhosrhate  were  used,  anu  then  -  wore  used  siaringiy,  and  only 
after  mechanical  agitation  alone  was  found  to  be  inadequate. 

In  many  instances  it  was  impossible  to  adequately  dis¬ 
perse  the  samples  for  MSA  analysis  b .cause  of  the  sticky 
organic  matter  which  was  present  both  is  amorphous  clots  and  as 
coatings  surrounding  many  of  the  particles.  The  organic  matter 
was  removed  from  some  of  these  samples  by  combustion  or  by 
adding  H?02,  or  by  ultraviolet  radiation.  The  samples  were 
then  sized  with  the  MSA  analyzer  to  determine  the  size  distri¬ 
bution  of  the  remaining  inorganic  and  non-combustible  organic 
particles.  The  size  distributions  thus  determined  do  not 
represent  the  in  situ  size  distributions  of  these  constituents 
since  many  of  these  particles  originally  formed  organically 
bound  agglomerates.  These  size  distributions  are  however 
representative  of  the  volume-size  distributions  cf  the  primary 
noncombustible  particles. 

After  dispersion  the  sample  is  transferreu.  to  one  of  the 
special  centrifuge  tubes  which  is  placed  in  the  reading  pro¬ 
jector  and  the  sediment  height  is  recorded  at  times  calculated 
from  Stokes'  law  for  gravity  settling.  At  the  end  of  the  gravity 
settling  period,  the  centrifuge  tube  is  transferred  from  the  pro¬ 
jector  to  the  lowest  speed  centrifuge,  and  run  for  a  predetermined 
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ti'  e.  The  sediment  height  is  again  determined,  and  centrifuging 

is  continued  according  to  a  predetermined  plan  'until  the  reading 

schedule  has  been  completed. 

The  volume-size  distribution  is  calculated  from  the 

measured  sediment  heights  by  determining  the  ratios  between 

sediment  heights  recorded  at  the  predetermined  times  and  the 

total  sediment  height  at  the  end  of  the  run.  Each  such  ratio 

gives  the  volume  fraction  of  the  sample  accounted  for  by  particles 

with  Stokes'  diameters.  D  .  greater  than  the  D  which  corres- 

s'  s 

ponds  to  ♦hat  particular  sediment  height.  These  ratios  are 
converted  to  percentages  and  plotted  as  a  cumulative  size 
distribution. 


Results  and  Discussion: 

Fifty  suspended  sediment  samples  from  various  space-time 
positions  in  the  upper  Bay  were  sized  by  sedimertation  using 
the  Mine  Safety  Appliance  Particle  Size  Analyzer.  Each  of  these 
samples  was  split  and  two  parallel  analyses  were  made. 

The  volume-size  distributions  of  eight  of  these  samples 
are  presented  in  Figs.  57  and  58*  The  mean,  the  standard  devi¬ 
ation,  the  skewness,  and  the  kurtosis  of  each  sample  are  presented 
in  Table  10.  In  addition,  the  results  of  l4  other  analyses  are 
presented  in  Appendix  D. 

The  reproducibility  of  the  MSA  method  was  usually  very 
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good.  Table*  i!  r.ununari  /.«*.'  !  lie  t  .  of  t1  .  •  >»  replicate  runs 
on  a  single  small  (about  3  mg'!  ami  le  o  1  su  i  •  ndf*<i  sediment. 

The  max i mu,"!  dev  : at  ion  (*•'  the  nd'viduai  v<  !u-ie  percentages  for 
a  particular  size  class  from  the  mean  vol-une  rrecentage  for 
that  class  was  only  1.3  volume  percent.  These  results  are 
typical  of  what  can  be  expected  from  careful  analyses  of  fine¬ 
grained  suspended  sediment. 

It  will  be  necessary  to  size  many  more  samples,  to 
definitely  establish  the  existence  or  absence  of  any  signi¬ 
ficant  seasonal  or  geographic  patterns  of  the  volume-size  distri¬ 
bution,  but  from  the  data  at  our  disposal  the  variation  of  the 
volume-size  distribution  with  depth  appears  to  be  the  only  per¬ 
sistent  feature.  At  nearly  ail  of  the  stations  for  which  MSA 
size  analyses  were  made,  the  mean  Stokes'  diameter,  Dg,  increased 
with  depth,  and  at  most  of  these  stations  the  standard  deviation 
also  increased  with  depth.  It  was  pointed  out  in  the  previous 

section  that  the  mean  projected  diameter,  D  ,  also  increased  with 

in 

depth  at  most  stations.  It  is  significant  that  the  mean  volume 
diameter,  D  ,  calculated  from  the  volume  transformations  of  the 
projected  diameter  data,  did  not  show  this  characteristic  in¬ 
crease  with  depth.  This  supports  the  statement  made  earlier  that 
'.he  common  practice  of  transforming  number-size  data  to  volume- 
size  data  by  assuming  spherical  particles  is  frequently  unsatis¬ 


factory  . 
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Fig.  57  MSA  Centrifuge  determined  Volume-  ze  Distributions 
of  Selected  Samples  of  Suspended  Sediment  from  the  Upper  Bay. 
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ermined  Volume-Size  Distributions 
tided  Sediment  from  the  Upper  Bay. 
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TABLE  10 

Statistical  Properties  of  Particle  Size  Distributions  Shown  in 
Figures  57  and  58. 


Station, 

Mean 

Standard 

Skewness 

Kurtosis 

Date,  and 

(ft 

Deviation 

Depth 

(n) 

SUS  (1  VI  66) 

surface 

3-9 

6.3 

2-9 

44.5 

mid-depth 

3-9 

5-7 

2-9 

48.8 

1  m  off  bot . 

*.3 

6.5 

2.8 

42.1 

me  (31  v  66) 

surface 

4.9 

6.2 

1.9 

22.3 

mid-depth 

6-3 

7*7 

1.4 

10.9 

1  m  off  bot. 

6.6 

8.2 

1.4 

11.5 

VF  (31  V  66) 

surface 

3-0 

6.6 

3.5 

55.3 

1  m  off  bot. 

4.5 

7.1 

2.2 

27-0 
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TABLE  ]] 


Repl  ieate 

MSA  Analyses 

of  A  Suspended 

3 ea i me  n  t  Samp 1 e 

From  the 

Upper  Bay, 

Stokes 

Pei-cent  by  volume  greater  than  size 

Diameter 

M 

Run  1 

Operator  A 

Run  2 

Operator  B 

Run  3 

Operator  A 

Mean 

30.0 

0 

0 

0 

0 

40.0 

0.5 

0-7 

0.2 

0-5 

20.0 

u-9 

5-2 

3-6 

4.6 

10.0 

7-5 

8.0 

5.9 

7-1 

5-0 

30.5 

31.8 

25.3 

30.5 

2.0 

67- 1 

66.2 

65-5 

66.3 

1.0 

S5.4 

86.0 

84.0 

85.1 

0.5 

?3-7 

v5«0 

y4.i 

94.3 

0.2 

100.0 

100.0 

100.0 

100.0 
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At  the  surface,  D  ranged  from  2.3  to  6.0  u,  and  in  more 

S 

than  75  percent  of  the  samples  analyzed  it  was  between  2.3  M  and 
*4.0  (i.  The  mean  Stokes  diameter,  D  ,  at  mid-depth  ranged  from 

3 

3. *4  u  to  6.8  u  and  in  over  75  percent  of  the  samples  it-  was 
between  3*^  d  and  6.0  p.  Near  the  bottom  Dg  ranged  from  4.2  p 
to  12.2  p,  and  was  between  4.2  p  and  8.0  p  in  more  than  75  per¬ 
cent  of  the  samples  analyzed. 

Serial  observations  of  current  velocity  and  suspended 
sediment  concentration  show  that  near  the  bottom  there  are 
marked  fluctuations  in  the  concentration  of  suspended  sediment 
which  are  clearly  related  to  current  velocity  and  tidal  period. 
Maximum  concentrations  recorded  near  times  of  maximum  flood  and 
ebb  velocities  exceeded  minimum  concentration  recorded  shortly 
after  slack  water  by  as  much  as  a  factor  of  13.  These  large 
variations  of  the  concentration  of  suspended  sediment  must  be 
accompanied  by  marked  changes  of  the  weight  (and  volume)  size 

distributions.  This  would  explain  why  the  range  of  D  is  greater 

s 

near  the  bottom  than  at  mid-depth  or  at  the  surface. 

Current  measurements  were  not  made  at  the  times  of  col¬ 
lection  of  the  samples  whose  MSA  size  analyses  are  presented 
here.  Recently  however,  a  size  investigation  was  undertaken  of 
a  set  of  suspended  xiiment  samples  collected  simultaneously  with 
current  velocity  determinations  at  hourly  intervals  over  a 


See  section  on  Sedimentation  Processes. 
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complete  t;dal  cycle. 

The  results  cf  these  analyses  should  rrovide  an  important 
contribution  to  our  understanding  of  the  sedimentation  processes 
in  the  upper  Bay.  A  knowledge  of  the  settling  characteristics 
of  the  particles  of  a  suspended  sediment  population  Js  a  pre¬ 
requisite  to  the  understanding  and  interpretation  of  that 
population. 
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MINERALOGY  OF  THE  SUSPENDED  SEDIMENT 

The  mineralogy  of  selected  mid-depth  samples  of  suspended 
sediment  was  determined  by  X-ray  Uffraction,  Table  12.  The 
suspended  sediment  was  removed  from  the  18  to  100  liter  water 
samples  by  settling  and  centrifugation.  The  organic  solids 
were  decomposed  with  hydrogen  peroxide,  and  the  sediment  samples 
were  centrifuged  several  times  with  distilled  water  to  remove 
salts  and  soluble  organics.  A  size  separation  of  each  sample 
into  a  greater  than  two  micron  fraction  and  a  less  than  two 
micron  fraction  was  made  by  settling  in  distilled  water.  Each 
of  the  size  fractions  was  concentrated  by  centrifugation, 
water-sedimented  onto  glass  slides,  and  dried  at  room  t 'anperature . 

It  was  impossible  to  obtain  useful  X-ray  diffraction 
patterns  from  samples  in  which  the  organic  matter  had  not  been 
destroyed.  A  few  samples  were  given  the  following  additional 
treatment  before  X-raying.  The  amorphous  iron  was  removed  by  the 
citrate-bicarbonate-dithionite  method,  and  the  amorphous  silica 
and  alumina  were  removed  by  boiling  the  sample  in  0.4  N  NaC0? 
(Jackson,  3.956)*  These  procedures  were  not  found  to  be  necessary 
however,  for  identification  purposes. 

Each  slide  was  X-rayed  from  5  or  li°2 0  to  at  least  49°  20 
at  a  scanning  speed  oi  1°  20  per  minute  using  copper  Kcc  radiation 
and  35-45  kV,  and  20-25  ma.  Typical  X-ray  diffraction  patterns 
are  presented  In  Figs.  59  and  60. 
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TABLE  12 

Mineralogy  Samples 


Station  Date  of  Collection 


Susquehanna 

Feb.  17,  19 66 

Susquehanna 

June  28 ,  1966 

Susquehanna 

July  25,  1966 

Susquehanna 

Aug .  9 ,  1966 

Susquehanna 

Sept .  20,  1966 

Susquehanna 

Oct.  3,  1966 

Sassafras 

Sept.  19,  1966 

IC 

Oct.  4,  1966 

IE 

July  26,  19 66 

IID 

Sept.  19,  1 966 

me 

Sept.  19,  1966 

me 

Oct .  l7  19  66 

IVD 

Sept .  6,  1966 

IVD 

Sept.  19,  1966 

VF 

Sept.  6,  i960 

VF 

Sept.  19,  1966 

VF 

Oct.  3,  1966 

VF 

Oct.  17,  1966 

VF 

Nov.  30,  1966 

Figi  59  X-ray  Diffraction  Patterns  of  the  less  than  2  m  and  greater  than  2  m  Fractions 
of  the  Mid-Depth  Mineral  Assemblage  at  Station  VF  on  6  September  1966. 
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Fig.  60  X-ray  Diffraction  Patterns  of  the  less  than  2,u  ai  d  greater  than  \  motions 
of  the  Mid-Depth  Mineral  Assemblage  at  Station  IVD  on  20  September  1966, 
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The  ilHi.e,  chlorite,  and  kaolinite  were  the  only 

(May  minerals  Ideal  if  Led,  and  those  were  prrst nt  In  ell  of  the 
samples.  No  attempt  was  made  at  intra-group  identification. 
Illlte  was  probably  the  most  abundant  constituent  of  uhe  clay 
mineral  assemblage.  Quartz  and  feldspar  were  the  only  non-clay 
minerals  identified.  Quartz  was  present  in  all  of  the  samples 
and  was  more  abundant  in  the  greater  than  two  micron  fraction 
than  in  the  less  than  two  micron  fraction.  During  high  spring 
runoff,  the  X-ray  patterns  were  very  poor.  This  was  probably 
due  to  the  abundance  of  colloidal  amorphous  iron  particles. 

O 

Illite  was  defined  by  its  10,  5,  3*3,  and  2.5  A  sequence 
of  basal  diffraction  maxima  (peaks).  Chlorite  was  defir ed  by 

O 

its  14,  7.1,  4.7,  and  3-5  A  Dasal  sequence,  and  kaolinite  was 

O 

defined  by  its  7-2,  3*5?  and  2-38  A  peaks.  Quartz  was  defined 

o 

by  its  3* 34  and  4.26  A  peaks,  anu  feldspar  by  its  3*24  and 

O 

3.20  A  peaks . 

Quantitative  interpretations  of  the  X-ray  diffraction 
patterns  of  clay  mineral  assemblages  are  usually  equivocal. 

Peak  intensities  cam,  be  used  directly  as  absolute  quanti¬ 
tative  indicators  of  the  abundance  of  clay  minerals.  In 
addition  to  mineral  abundance,  peak  intensity  depends  upon  X- 
ray  machine  settings,  thickness  of  sample  mount,  and  the  degree 
of  preferred  orientation  of  the  mineral  particles.  Peak  inten¬ 
sity  also  depends  upon  the  mineral's  ability  to  diffract  X-rays, 


-- 
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and  this  ability  varies  not  only  with  d 1 ffcrout  minerals,  but 
also  with  different  sampler,  of  the  same  mineral.  The  latter 
variability  is  due  to  differences  in  chemical  composition  and 
crystallinity.  These  factors  preclude  tne  direct  use  of  peak 
intensities  as  indicators  of  absolute  abundance. 

Various  int '•asample  ratios  of  peak  intensities  can 
sometimes  however,  he  used  to  provide  useful  intersample  com¬ 
parisons.  In  making  such  comparisons  the  ...-sumption  is  made 
that  between  samples  the  variations  in  the  crystallinity,  and 
chemical  composition  of  each  mineral  are  small  and  that  vari¬ 
ations  in  the  degree  of  particle  orientation  are  small.  If 
these  conditions  are  fulfilled,  then  variations  in  peak  inten¬ 
sity  are  due  to  variations  in  abundance. 

The  following  peak  height  ratios  were  determined:  kao- 

o  o  o  o 

linite/chlorite  ($<58  A/3-51*  A),  kaolinite/illite  (7-2  A/lO  A), 

o  o 

and  cblor ite/illite  (7-1  A/lO  A).  Peak  height  was  used  as  a 
measure  of  peak  intensity.  Peak  area  is  a  better  measure  of 
peak  intensity,  but  it  requires  a  slower  scanning  speed,  and 
involves  considerably  more  work.  It  was  expected  that  the 
relative  abundances  of  the  various  clay  minerals  would  be  nearly 
constant,  and  that  the  additional  work  required  to  determine 
peak  areas  was  unjustified.  No  systematic  variations  in  the 
ratios  wei e  detected--either  geographically  or  seasonally. 

In  summary,  the  suspended  sediment  mineral  assemblage 
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consisted  of  illite,  chlorite.,  kaolinite,  quartz,  and  cccass ion- 
ally  feldspar.  No  patterns  of  peak  height  ratios  were  found. 

The  intersample  variations  of  the  ratios  were  usually  no  greater 
than  the  precision  of  the  individual  ratios  indicating  that 
fluctuations  in  the  relative  abundances  of  the  clay  minerals 
were  small. 


SEDIHENiATION  PROCESSES 


The  caused  of  events  are  even  more  interesting 
than  the  events  themselves-  Cicero 

Will  your  answer  serve  fit  to  all  questions? 

Shakespeare 

It  is  n^t  every  question  that  deserves  an  answer- 
Publilius 

The  sediments  of  the  Chesapeake  Bay  are  composed  of  an 
inorganic  and  an  organic  fraction.  The  inorganic  portion  is 
comprised  almost  entirely  of  terrigenous  sediments  which 
have  been  delivered  to  the  Bay  by  the  rivers  tributary  to 
it,  and  by  erosion  of  the  Bay's  margins  which  are  poorly 
consolidated.  The  organic  fraction  consists  primarily  of 
planktonic  organisms  and  their  degradation  products-  The 
Eay's  suspended  sediment,  a  subpopulation  of  its  total  sedi¬ 
ment  population,  is  made  up  of  newly  introduced  inorganic 
sediment  which  has  not  been  deposited;  of  living  plankton; 
of  organic  detritus  which  has  not  settled  out;  and  of  previously 
deposited  sediments,  both  organic  and  inorganic,  which  have 
been  resuspended  from  the  Bay  floor.  Fig.  6l.  At  a  given  time 
ail  of  these  components  are  present,  but  their  relative 
abundances  vary  temporally  and  spatially. 

In  discussing  the  suspended  sediment  population  we  shall 
first  consider  the  external  sediment  source,  upland  discharge. 


} 
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Fig.  61  Diagram  of  the  Sources  of  the  Suspended 
Sediment  of  the  Chesapeake  Bay. 
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Next  we  shall  corsider  the  marginal  source,  cliff  and  shore 
erosion;  and  finally  we  shall  briefly  consider  the  into'"  sal 
sources,  organic  production  and  resnspens ion  of  bottom  sedi¬ 
ment.  A  detailed  discussion  of  the  resuspension  of  bottom 
sediment  by  tidal  scour  is  to  be  presented  in  another  report 
now  in  preparation.  This  subject  will  be  treated  here  only 
to  the  extent  necessary  to  place  this  source  of  suspended 
material  in  propel-  prospective  with  the  other  sources. 

SUSPENDED  SEDIMENT  DISCHARGE  OF  THE  SUSQUEHANNA 

The  Susquehanna  River,  which  provides  more  than  97 
percent  of  the  fresh  water  inflow  into  the  upper  Bay,  is  the 
source  of  nearly  all  of  the  fluvial  sediment  introduced  into 
the  region.  The  fluvial  sediment  being  Introduced  into  the 
Bay  is  almost  entirely  silt  and  clay  sized  material.  The 
lower  reaches  of  the  rivers  tributary  to  the  Bay  have  very 
low  gradients  as  a  result  of  drowning  caused  by  the  post¬ 
glacial  rise  in  sea  level,  and  these  low  gradients  have 
decreased  the  competency  of  the  rivers  to  the  extent  that 
very  little  gravel  and  sand  reach  the  main  body  of  the  estu¬ 
ary.  In  addition,  the  reservoirs  of  the  Susquehanna  have 
virtually  eliminated  the  introduction  of  any  sand  into  the 
Bay  by  the  Susquehanna. 

Cores  taken  by  Ryan  ( 1953 )  and  by  the  author  show  that 
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thc  Lottom  sediments  are  predominantly  ciay  and  silt.  The 
sand  which  is  present  is  derived  almost  entirely  from  shore 
erosion  and  is  largely  restricted  to  a  narrow  bend  along  the 
shore-  Ryan's  analyses  show  an  increase  in  the  total  silt 
and  clay  content  at  channel  stations  from  about  88  percent  by 
weight  at  76J02 '20”W,  39°2J+'20"N  (about  0.8  mile  north  of 
Grove  Point)  to  more  than  98  percent  by  weight  at  76°.' 4 '^"w, 
39°l4 '36"N  (about  2-5  miles  southeast  of  Booles  Island). 

Cores  taken  outside  the  enannel  show  an  increase  in  sand,  but 
only  close  to  shore  is  the  total  sand  content  greater  than  the 
total  silt  and  clay  content.  Ryan  (1953)  presents  a  recon¬ 
naissance  map  of  the  bottom  sediments  of  the  Chesapeake  Bay. 

During  the  year  from  1  April  3966  through  31  March  19o7 
the  Susquehanna  River  discharged  an  estimated  0.6o  x  10^  metric 
tons  of  sediment  into  the  Bay  at  Havre  de  Grace1 .  This  figure 

was  determined  from  daily  river  discharge  records  and  direct 
determinations  of  the  suspended  sediment  concentration  made 
approximately  every  one  to  two  weeks  in  the  Susquehanna  River 
off  Havre  de  Grace,  iig.  62.  Th<  discharge  records  were  provided 

1  This  is  equivalent  to  approximately  1.60  x  10^  or  2.08  x 
10^  yds5  of  in-place  sediment.  The  upper  meter  of  in-place 
sediment  in  the  Bay  is  composed  <_f  approx ica-c-ely  30  percent 
(by  weight)  solids  and  70  percent  water,  with  a  consequent  in- 
place  density  of  about  1.25  gm  cm  5. 


Fig.  62.  Discharge  of  the  Susquehanna  River  at  Conowjngo  (cfs  x  10  ,  m^sec"  x  10^)  and  mea 
suspended  concentrations  (mg/l)  at  Havre  de  Grace  used  in  calculating  the  suspended 
sediment  discharge  of  the  Susquehanna. 
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by  the  Conowingo  Hydroelectric  Plant.  Twenty  of  the  3*1  sets  of 
suspended  sediment  concentrations  were  determined  by  the  author, 
3  were  provided  by  J.H.  Carpenter,  and  11  were  provided  by  R. 

B.  Biggs  of  the  Chesapeake  Biological  Laboratory.  The  esti¬ 
mate  of  sediment  discharged  was  made  in  the  following  way. 

First,  a  mean  concentration  of  suspended  sediment  was  determined 
for  the  entire  water  column  for  each  of  the  days  on  which  sus- 
pemded  sediment  ssmples  were  taken.  Second,  these  mean  values 
were  assumed  to  represent  the  average  concentration  of  sus¬ 
pended  sediment  over  the  time  intervals  defined  by  the  midpoints 
between  sample  dates.  Third,  each  of  these  suspended  sediment 
concentrations  was  multiplied  by  the  average  daily  discharge 
rate  averaged  over  the  same  period,  and  by  the  length  of  the 
time  interval  to  get  the  total  sediment  discharged  during  the 
period.  Fourth,  these  discharges  were  summed  to  obtain  the 
total  sediment  discharged  during  the  sampling  year. 

The  value,  O.oO  x  10^  retric  tons,  is  only  an  estimate 
of  the  sediment  discharged.  In  making  the  calculation  it  was 
assumed  that  the  mean  concentration  with  deprh  an  a  single 
station  was  representative  of  the  entire  river  cross  section. 

The  few  pertinent  data  which  we  have,  and  the  finer  ess  of  the 
suspended  sediment  indicate  that  this  assumption  is  probably 
reasonable.  It  was  also  assumed  that  these  mean  suspended 
sediment  concentrations  were  representative  of  time  intervals 
varying  from  3  to  as  long  as  25  days  with  nearly  all  intervals 
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from  6  to  lU  days.  The  other  assumptions  are  tied  up  in  the 
averaging  implicit  in  the  calculation.  To  evaluate  these 
assumptions,  let's  look  at  the  calculation  more  closely. 

We  define  the  following  terms : 

=  the  sediment  discharge  during  a  time  interval  AtA . 
At^,  =  the  time  interval  defined  by  the  midpoints  between 
sample  dates. 

C  =  the  instantaneous  sediment  concentration  averaged 
over  the  cross  section. 

R  s  the  instantaneous  river  disci  arge 
(C.  ).  =  tne  mean  of  the  measured  instantaneous  sediment 

o  X 

concentrations  at  the  specific  time  t  within  the 
time  interval  A^  . 

C±  s  the  average  suspended  sediment  concentration  over 
the  time  interval  Att . 

=  the  average  river  discharge  over  the  time  interval 


At  . 
i 


The  suspended  sediment  discharged  over  a  time  interval 
T,  where 


n 


T  =  2  At4 
i=l 


was  estimated  by 
n 

de=  S'D,- 

i=l 


n 


2  (Ct)t  H4 
i=l 
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which  may  also  be  written  as 

n  n 


UE  -  2  Ci  R1  “i  +  2  Cl/  K1  “l 


(27) 


1=1 


i=l 


The  true  value  of  the  sediment  discharge  over  the  time  interval 


T  may  be  expressed  by 
n 


Dt  =  2  XCR)i  At4 
i=i 


(28) 


where 

^  =  J  CEdt 

1  At 

i 

The  instantaneous  values  of  C  and  R  can  be  expressed  as 
the  sura  of  a  mean  value  and  a  deviation  term.  Thus,  for  the 
time  interval  At 


c  =  C1  +  ci' 


R  =  R.  +  R, ' 

1  Jm 


(29) 


If  we  take  the  product  of  these  and  average,  we  obtain 


(CR)  =  CP  +  C  'R  +  C  R  '  +  C. 'R  ' 

1  1  1  1  1  2.  JL  1  1 

which  reduces  to 

7cr7  =  C  R  +  C  ’R  7 

v  'i  11  1  1 


(50) 


The  terms  Ci'Ri  and  CiR1'  both  equal  zero  since  R1 '  =  C  '  =  0. 
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Arcl  it-  is  obvious  that  C  R  -  C  R  i  ?  we  av<  vane  over  the  same 

i  i  i  i 

time  interval  originally  used  to  define  0  and  R. .  The  term 

i  X 

Cj  'R.  '  does  not  equal  aero  however,  except  under  very  special 
circumstances  or  unless  the  variables  are  uncorrelated,  which 
is  not  the  case  here. 

Equation  (28)  can  therefore  be  written 

n  n 

D  =  2  C . R.  At.  +  I  C  rR. ’  At.  (31) 

T  ill  ill 

i =1  i=l 

The  difference  between  the  true  sediment  discharge  and 
che  estimate  given  here  is  then 
n  n 

V  ■  2  W  Au  -  2  {{ctK  -  5i)  Ah  <#) 

i~l  i=l 

The  error  in  the  estimate  (27)  cf  the  suspended  -.edi- 
ment  discharge  over  the  time  interval,  T,  tnen  is  given  by 
the  difference  between  two  terms.  The  first  term  on  the  right 
side  of  Equation  (32)  depends  on  the  correlation  between  the 
fluctuations  of  the  suspended  sediment  concentration  and  ■‘'he 
river  discharge  during  the  time  intervals  At. ^ .  The  suspended 
sediment  concentrations  were  usually  measured  at  intervals  of 
one  to  .everal  weeks,  and  thus  one  assumption  implicit  in  the 
calculations  used  here  is  that  the  correlation  of  the  fluc¬ 
tuations  of  river  discharge  and  suspended  sediment  concentration 
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at  frequencies  higher  than  one  per  week  may  he  ignored.  In 
general,  suspended  sediment  concentration  increases  with  river 
discharge  and  therefore  the  correlation  between  them  is 
probably  positive.  The  first  term  on  the  right  side  of  (32) 
th^n  is  positive,  and  our  estimate  of  the  suspended  sediment 
discharge,  D£,  tends  to  be  less  than  the  true  value,  D^. 

The  second  term  on  the  right  side  of  Equation  (32) 
depends  on  the  difference  between  the  average  of  the  single 
set  of  measurements  of  the  suspended  sediment  concentration 
in  the  section  during  the  time  interval  Ati  and  the  mean 
value  of  the  suspended  sediment  concentration  over  the  time 
interval  At^  This  term  may  be  either  positive  or  negative  , 
and  hence  may  either  add  or  subtract  from  the  bias  introduced 
into  the  estimate  by  the  first  term.  Since  there  are  34  setB 
of  suspended  sediment  concentration  determinations  (i.e., 
n  =  34  in  Equation  32),  and  since  there  is  equal  probability 
that  |(Cfc)i  -  for  any  single  set  will  be  either  positive 
or  negative,  the  effect  of  this  term  on  the  estimate  of  the 
suspended  sediment  discharge  is  probably  quite  small. 

Thus  our  estimate  of  the  total  suspended  sediment  dis¬ 
charge  is  probably  an  underestimate,  but  we  can  not  say  by 
how  much.  An  indication  of  this  bias  is  given  by  the  zero- 
order  estimate  obtained  by  taking  the  product  C^R^T,  where 
C  and  Rt  are  the  average  values  of  the  suspended  sediment 
concentration  and  the  river  discharge  over  the  time  period,  T, 


1  Q  n 


*  w  i 


of  one  year.  The  zero-order  estimate  was  found  to  be  0*31  x 
10(>  metric  tons,  as  compared  to  our  first  or  ier  estimate  of 
0.60  x  10°  metric  tons  found  by  summing  over  the  3*'  sub¬ 
intervals  . 

Daily  suspended  sediment  samples  are  now  being  taken 
at  the  Conowingo  Hydi-oelectric  Plant  and  sampling  will  continue 
through  at  least  one  calendar  year.  This  set  of  data  will 
allow  us  to  evaluate  the  daily  correlation  of  river  discharge 
and  suspended  sediment  concentration. 

A  cumulative  curve  and  histogram  of  the  suspended  sedi¬ 
ment  discharged  by  the  Susquehanna  River  at  Havre  de  Grace 
from  1  April  1966  through  31  March  1967  are  presented  in 
Fig.  63-  Nearly  20  percent  of  the  total  suspended  sediment 
discharged  during  this  period  was  introduced  between  1  April 
1966  and  2^  May  1966,  whereas  over  the  next  eight  months  the 
additional  discharge  was  less  than  10  percent  of  the  total. 

In  less  than  two  months,  19  February  1967  through  31  March 
1967,  the  Susquehanna  discharged  over  70  percent  of  its  total 
suspended  sediment  discharge  of  0.60  X  10^  metric  tons  for  the 
year  1  April  1966  through  31  March  1967*  Most  of  this  was 
probably  discharged  in  a  period  of  less  than  three  weeks  during 
March,  but  the  suspended  sediment  observations  are  not  closely 
enough  spaced  to  show  this. 

During  the  period  of  peak  sediment  discharge  the 
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'ig.  63  Suspended.  Sediment  Discharge  of  the  Susquehanna  River  at  Havre  de  Grace 
rom  1  April  1966  through  31  March  1967  Plotted  as  Cumulative  Percent,  and  as  the 
dass  of  Sediment  Discharged  during  Consecutive  Periods  of  Varying  Lengths. 
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Susquehanna  River  clearly  dominated  the  distribution  of  sus¬ 
pended  sediment  within  the  upper  Bay  (see  Figs.  4o  through  45). 

The  maximum  suspended  sediment  concentrations  of  the  Susquehanna 
were  reflected  in  the  high  concentrations  recorded  at  each  of 
the  channel  stations  within  the  Bay.  Although  these  values 
were  lower  than  those  recorded  in  the  Susquehanna  off  Havre 
de  Grace,  they  were  in  each  case  the  maximum  values  recorded 
in  the  upper  layer  at  that  station  over  the  sampling  year. 

In  Fig.  64  the  maximum  surface  concentrations  of 
suspended  sediment  measured  at  each  of  the  channel  stations 
is  plotted  as  the  percentage  of  the  maximum  surface  concen¬ 
tration  measured  in  the  mouth  of  the  Susquehanna  at  Havre  de 
Grace.  Plotted  as  percentages  in  the  same  figure  are  the 

2 

fresh  water  fractions  of  the  surface  waters  at  the  same  stations  . 


These  fractional  volumes  were  determined  from  S  =  nS0  + 
(l-n)  S_,  where  n  is  the  fraction  of  a  unit  volume  of  water 
accounted  for  by  Bay  water  of  salinity,  S  =  15  %»',  (l-n)  is 
the  fraction  of  a  unit  volume  of  water  accounted  for  by  river 
water  of  salinity,  S  ==  0.1  %>-,  and  S  is  the  salinity  of  the 

A 

unit  volume  of  a  mixture  of  river  water  and  Bay  water. 

Solving  for  n 


and  from  this  we  obtain  (l-n). 


SUS  (CsUS)*  The  fresh  water  fractions  (i-n)  of  the 
same  stations  are  also  plotted  as  percentages. 


Figure  6*1  clearly  show  that  the  downstream  decrease  in 
the  concentration  of  suspended  sediment  resulted  primarily 
from  the  loss  of  material  by  settling;  the  dilution  of  river 
water  by  Bay  water  could  not  have  produced  the  longitudinal 
gradient  of  suspended  sediment.  At  station  VF  the  concen¬ 
tration  of  suspended  sediment  dropped  to  20  percent  of  the 
suspended  sediment  concentration  in  the  mouth  of  the  Susquehanna 
off  Havre  de  Grace,  whereas  the  volume  percent  of  Susquehanna 
water  in  a  unit  volume  of  surface  water  only  decreased  to 
67  percent.  If  one  assumes  that  no  material  was  added  to 
the  upper  layer  from  other  sources,  then  about  80  percent  of 
the  material  introduced  by  the  Susquehanna  at  Havre  de  Grace 
during  maximum  runoff  was  deposited  above  the  seaward  end  of 
the  study  area.  This  amounts  to  about  0.53  X  106  metric 
tons  of  suspended  sediment,  or  to  0.92  x  10^  m"5  of  in-place 
sediment  which  if  deposited  uniformly  over  the  Bay  portion 
of  the  study  area  (370  x  10  m  )  would  form  a  deposit  2.5  mm 
thick.  Since  resuspended  sediment  is  added  to  the  upper  layer 
and  therefore  contributes  to  the  concentrations  within  the 
Bay,  it  is  obvious  that  less  than  20  percent  of  the  sediment 
discharged  by  the  Susquehanna  during  peak  runoff  in  1967  was 
directly  transported  through  the  study  are?. 

At  all  times  of  the  year  other  than  during  peak  runoff, 
the  concentrations  of  suspended  sediment  were  higher  within  the 
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Bay  than  in  the  mouth  of  the  Susquehanna  at  Havre  de  Grace, 
indicating  the  importance  of  another  source  or  sources. 

COASTAL  EROSION  OF  THE  UPPER  BAY 

Using  the  shore  erosion  data  of  Singewald  and  Slaughter 
(1949)  in  conjunction  with  relief  data  obtained  from  topo¬ 
graphic  maps  and  from  field  measurements  of  cliff  heights,  an 
estimate  was  made  of  the  mass  of  sediment  derived  annually 
by  erosion  of  the  coast  of  the  main  body  of  the  Bay  north  of 
Tolchester  (30*12'N).  Singewald  and  Slaughter  report  the 
mean  annual  losses  of  acres  of  coast  per  mile  of  coastline 
for  the  Maryland  counties  bordering  the  Bay.  Their  data  are 
based  on  the  comparisons  of  chf  vs  covering  a  period  of  about 
90  years,  and  are  reported  by  coastline  segments.  The  author 
combined  each  of  their  annual  areal  losses  with  relief  data 
for  the  same  coastline  segment  to  calculate  the  volume  of 
sediment  removed  annually  from  that  section  of  coastline. 

Along  the  eastern,  northern,  and  along  parts  of  the  western 
shore,  the  elevations  obtained  from  topographic  maps  were 
supplemented  with  field  measurements .  This  was  not  possible, 
however,  in  the  restricted  zone  of  the  Aberdeen  Proving  Grounds . 

The  mass  of  sediment  removed  from  each  coastline  seg¬ 
ment  was  calculated  from  th?  volume  by  using  a  mean  sediment 
density  of  2.65  gm/cm3.  Ifce  percent  of  each  of  these  masses 
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of  eroded  material  accounted  for  by  silt  ai:.-f  clay  was  esti¬ 
mated  in  the  following  way.  Cliff  face  sections  were  measured 
and  sediment  samples  were  collected  from  each  of  the  exposed 
facies.  These  s.unples  were  then  split  by  wet-sieving  into 
two  size  frections—sand,  and  silt  plus  clay.  The  percent  of 
silt  plus  clay  in  each  sample  was  then  determined  by  weighing. 
These  percentages  were  then  weighted  by  the  thicknesses  of 
the  parent  beds  to  determine  the  percent  of  the  total  exposed 
cliff  accounted  for  by  silt  and  clay-sized  material.  The 
length  of  coastline  over  which  each  such  determination  was 
considered  to  be  representative  was  dictated  by  the  lateral 
and  vertical  uniformity  of  the  exposed  beds.  For  most  coast¬ 
line  segments  at  least  three  sets  of  measurements  were  made. 

It  was  not  possible  to  obtain  samples  along  the  shoreline  of  the 
Aberdeen  Proving  Grounds.  For  this  stretch  of  coast,  silt 
and  clay  were  assumed,  on  the  basis  of  samples  from  adjacent 
areas,  to  account  for  55  percent  of  the  eroded  sediment.  The 
measurement  sites  are  indicated  in  Fig.  65* 

The  results  of  the  analysis  show  that  approximately 
57,466  m  (9*26  acres)  of  coast  are  lost  annually  by  coastal 
erosion.  This  amounts  to  more  than  125*000  m5  of  sediment  or 
more  than  0.55  *  10^  tons.  Of  this,  about  0.12  x  10^  tons  are 
silt  and  clay.  This  contribution  of  silt  and  clay  is  equi¬ 
valent  to  about  20  percent  of  the  sediment  discharged  by  the 
Susquehanna  River  from  1  April  1966  through  51  March  1967*  The 


Fig.  65  Map  of  the  Upper  Bay  showing  Shoreline  Segments  used  in 
Calculating  Annual  Losses  due  to  Erosion. 


data  are  summarized  in  Table  13.  The  highest,  rates  of  areal 

loss  were  found  aiong  low-lying  stretches  of  the  western  shore 

from  Old  Woman's  Gut  to  Abbey  Point,  and  from  Cuckold  Point 

to  Shallow  Creek.  The  highest  rates  of  volume  loss  however, 

were  found  in  areas  of  relatively  high  relief  along  the 

eastern  shore  from  Grove  Point  to  Wroth  Point,  and  at  the 

head  of  the  Bay  from  Turkey  Point  to  Red  Point.  The  weighted 

mean  annual  rates  of  areal  and  volume  loss  of  coast  were 

found  to  be  328  m  /km,  and  1095  m  /km,  respectively.  The 

weighting  factors  used  in  the  calculation  were  the  lengths 

of  coastline  over  which  the  erosion  rates  given  in  Table  13 

were  derived.  In  other  words,  the  mean  annual  rate  of  erosion 

per  kilometer  of  coastline  is  given  by 
n 


E  = 


X  Vi 

i=l 

n 

2  l, 

i=l 


where  Ei  is  the  erosion  rate  (either  areal  or  volume)  for  a 
particular  coastline  segment  of  length  1  . 

Ryan's  (1955)  sediment  map  and  the  author's  own  obser¬ 
vations  show  that  very  little  of  the  eroded  sand  and  gravel 
escape  the  littoral  zone.  Most  of  the  silt  and  clay  however, 
is  winnowed  out  of  the  littoral  zone. 

The  rates  of  coastal  erosion  are  highest  during  periods 
of  rough  seas  and  would  therefore  be  higher  during  the  late 
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fall,  winter,  and  spring  rnontns  than  during  the  summer  and 
early  fail  months.  Wind  data  from  the  meteorological  station 
at  Aberdeen  Proving  Grounds  are  presented  as  monthly  wind 
roses  in  Fig.  66. 


RESUSPENSION  OF  BOTTOM  SEDIMENT 

It  should  be  apparent  from  the  discussion  and  from 
Figs.  31  through  45  that  neither  the  mass  of  sediment  intro¬ 
duced  by  the  Susquehanna  River  during  peak  flow,  nor  the  silt 
and  clay  derived  annually  by  coastal  erosion  can  directly 
account  for  the  relatively  high  concentrations  of  suspended 
sediment  found  throughout  the  year  in  the  upper  Bay.  The 
explanation  emerges  from  serial  measurements  made  at  anchor 
stations  of  both  current  velocity  and  the  concentration  of 
suspended  sediment.  The  results  of  one  of  these  sets  of  ob¬ 
servations  are  presented  in  Figs.  67  through  69.  From  1200 
hours  on  10  July  1967  to  1600  hours  on  11  July  1961  hourly 

measurements  were  made  at  the  surface,  and  at  depths  of  2,  4, 

,  * 

6,  8,  and  9  m  at  a  station,  IIIC  ,  in  9.5  m  of  water  just 
outside  the  channel  opposite  station  IIIC. 

Figs.  67  through  69  show  that  at  the  surface,  at  2  m  and 
at  4  m  the  concentrations  of  suspended  sediment  were  relatively 
constant  over  the  period  of  measurement.  At  6  m  fluctuations 
of  the  concentration  of  suspended  sediment  were  appreciable. 
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April  1966  May  1966  June  1966 


July  1966  Aug.  1966  Sept.  1966 


Oct.  1966  Nov.  1966  Dec.  1966 


Jan.  1967  Feb.  1967  March  196.' 


»  SO  90  40  SO  SO  TO  SO  SO  WO 


SCMJE  OF  WIND  FCRCCNTASCS 


Fig.  66  Monthly  Wind  Rose  Diagrams  for  the  Year  1  April  1966 
through  31  March  1967.  Based  on  Hourly  Measurements  made  at 
Aberdeen  Proving  Grounds.  The  Wind  Percentages  are  concentrated 
on  8  Points.  The  Arrows  fly  with  the  Wind.  The  length  of  Arrow 
measured  from  the  Outside  of  the  Circle  on  the  Attached  Scale  gives 
the  Percent  of  the  Total  Observations  in  which  the  Wind  has  blown 
from  or  near  the  given  Point.  The  Number  of  Feathers  Shows  the 
Average  Speed  of  the  Wind:  2  Feathers  —  2  to  5  m.  p.  h. ,  3  Feathers 
—  6  to  10  m.  p.  h. ,  4  Feathers  —  11  to  15  m.  p.  h.  The  Figure  in  the 
Center  of  the  Circle  gives  the  Percentage  of  Calms. 


varying  by  as  much  as  a  factor  of  three  and  one-half,  but  they 
were  not  strongly  related  to  current  speed.  At  8  m  the  sus¬ 
pended  sediment  concentrations  varied  by  nearly  a  factor  of 
seven,  and  the  fluctuations  were  clearly  related  to  current 
speed  and  tidal  period.  Maximum  concentrations  were  recorded 
near  times  of  maximum  ebb  and  flood  velocities,  and  minimum 
concentrations  were  observed  shortly  after  times  of  slack 
water.  At  9  ®  there  was  an  even  stronger  relationship  between 
current  speed  and  the  concentration  of  suspended  sediment. 

The  concentration  varied  by  more  than  a  factor  of  eighteen, 
ranging  from  15  to  nearly  280  mg/l.  It  is  apparent  that  the 
bottom  sediment  is  being  resuspended  by  tidal  scour,  and  that 
the  concentrations  of  suspended  sediment  in  the  lower  part  of 
the  water  column  are  determined  by  the  events  of  the  past 
few  hours. 

The  upward  flux  density  of  sediment  through  a  horizontal 
plane  at  9  m  was  found  to  be  about  4  x  .'.0  mg/m  /hr.  This 
represents  the  rate  at  which  bottom  sediment  is  resuspended 
end  transported  through  a  horizontal  plane  0.5  m  above  the 
bottom.  The  bulk  of  this  is  redeposited  within  a  few  hours, 
and  the  net  movement  over  a  tidal  cycle  must  be  small. 

Resuspension  results  from  both  wind  waves  end  tidal 
scour.  Since  most  of  the  area  is  very  shallow,  resuspension 
by  wind  waves  is  an  important  factor  during  periods  of  high 
wind  and  rough  sea.  Resuspension  by  tidal  scour  is  important 
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at  all  times  of  the  year  and  probably  accounts  for  most  of  the 
resuspended  material.  Observations  made  during  rough  weather 
show  that  the  concentrations  were  higher  than  the  background 
concentrations  maintained  by  tidal  scour,  but  the  high  "storm 
concentrations"  dissipated  within  a  few  days. 

The  concentrations  of  total  suspended  solids  were 
usually  higher  on  the  western  side  of  the  Bay  than  on  the 
eastern  side  of  the  Bay  at  the  same  cross  section  (see  section 
on  total  suspended  solids).  These  higher  concentrations 
are  attributed  to  the  greater  area  of  shallow  water  found  to 
the  west  of  the  channel.  Because  of  the  decreased  depth, 
resuspension  by  both  tidal  scour  and  wind  mixing  is  effective 
throughout  a  greater  part  of  the  water  column. 

Explanations  explanatory  of  things  explained.  A.  Lincoln 

During  the  period  of  maximum  runoff  there  was  an  ob¬ 
vious  link  between  the  upper  Bay  and  its  principal  sediment 
source,  the  Susquehanna.  At  all  other  times  of  the  year  how¬ 
ever,  this  association  was  missing  and  the  upper  Bay  was  more 
closely  linked  with  its  internal  sources — organic  production 
and  particularly  the  bottom.  Except  for  the  period  of  peak 
runoff,  the  concentrations  of  suspended  sediment  were  higher 
within  the  upper  Bay  than  in  the  mouth  of  the  Susquehanna 
despite  the  dilution  of  the  fluvial  sediment  and  the  settling 


out  which  occur  within  the  Bay.  The  higher  concentrations 
within  the  Bay  are  due  in  part  to  the  fact  that  the  concen¬ 
trations  of  organic  matter  found  in  the  upper  Bay  are  higher 
than  those  in  the  Susquehanna,  Fig.  70.  But,  Fig.  70  shows 
that  the  increased  organic  matter  is  not  sufficient  to  account 
for  the  differences  between  the  Susquehanna  and  the  Bay.  There 
are  three  possible  explanations  for  the  high  concentrations  of 
suspended  sediment  observed  in  the  upper  layer.  First,  the 
high  concentrations  may  be  due  to  the  addition  to  the  upper 
layer  of  sediment  which  has  been  locally  (within  the  study 
area)  resuspended  from  the  bottom.  Second,  the  high  concen¬ 
trations  in  the  upper  layer  may  result  from  the  direct  addition 
of  sediment  which  has  been  resuspended  downstream  from  the 
area  and  brought  upstream  in  the  lower  layer.  Third,  the  high 
concentrations  in  the  upper  layer  may  be  the  result  of  a  com¬ 
bination  of  these  two  mechanisms. 

At  present  we  cannot  distinguish  among  these  possibilities. 
We  can  however,  calculate  the  net  flux  of  sediment  through 
the  surface  separating  the  upper  and  lower  layers.  It  will 
be  more  instructive  if  first  we  write  an  instantaneous  total 
suspended  sediment  balance  equation  for  both  the  upper  and  lower 
layers  within  the  study  area.  We  shall  assume  that  at  any  time 
the  suspended  sediment  population  is  derived  from  the  Susquehanna 
River,  from  local  resuspension,  and  from  material  brought  up- 
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stream  in  the  lower  layer  into  the  region.  Making  this  as¬ 
sumption  we  can  write  the  following  instantaneous  balance 
equation. 


!t/cdi  = 

l 

c£v£ao  + 

1 

1 
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where  C  =  the  instantaneous  concentrations  of  suspended  sediment 
within  the  study  area 

V  =  total  volume  of  Bay  within  the  study  area 
SR  =  the  cross-sectional  area  of  the  Susquehanna  River  at 
Havre  de  Grace 

CR  =  the  instantaneous  concentrations  of  suspended  sedi¬ 
ment  at  the  cross  section  in  the  mouth  of  the  Susquenanna 
River  at  Havre  de  Grace 

v„  =  the  instantaneous  river  velocities 
R 

S.  =  the  cross-sectional  area  of  the  lower  layer  at  the 

At 

seaward  end  of  the  study  area 
C.  =  the  instantaneous  suspended  sediment  concentrations 

At 

in  the  lower  layer  at  the  seaward  end  of  the  study  area 
v^  =  the  instf ntaneous  velocities  in  the  lower  layer  at  the 
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seaward  end  of  the  study  area 
G  =  Rate  of  sediment  supply  from  bottom  of  study  area 
Sy  -  the  cross-sectional  area  of  the  upper  layer  at  the 
seaward  end  of  the  study  area 
Cu  =  the  instantaneous  suspended  sediment  concentrations 
in  the  upper  layer  at  the  seaward  end  of  the  study 
area 

vy  =  the  instantaneous  velocities  in  the  upper  layer  at 
the  seaward  end  of  the  study  area 
A  =  the  area  of  the  study  region  Just  above  the  bottom 
ws  =  the  settling  velocity  of  the  suspended  particles 

C  =  the  concentration  of  suspended  sediment  just  above 

A 

the  bottom 

Returning  now  to  our  original  problem,  we  can  write  a 
suspended  sediment  balance  equation  for*  the  upper  layer  and 
calculate  the  net  flux  density  of  sediment  through  the  surface 
separating  the  upper  and  lower  layers.  We  shall  assume  that 
the  suspended  sediment  population  of  the  upper  layer  is  derived 
entirely  from  the  Susquehanna  River  and  from  the  lower  layer. 
Making  this  assumption,  we  can  write  the  following 

ItJ  “u4'1  =  J  W"  +  /  -  i  W°  <*> 

Vu _  ~R _  _  _u _ 

rate  of  change  rate  of  net  flux  of  rate  of  loss 

of  total  mass  of  supply  sediment  thru  by  transport 

suspended  seal-  by  Sus-  surface  separ-  in  upper 

ment  in  upper  quehanna  ating  upper  layer 

layer  and  lower  layer 
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where  A'  =  the  area  of  the  surface  separating  the  upper  and 
lower  layers 

F  =  the  flux  density  of  sediment  through  the  surface 
separating  the  upper  and  lower  layers 
and  the  other  terms  are  defined  as  before. 

Assuming  steady  state  and  taxing  the  time  average  of 
(3*0  over  T  we  can  write 


-i 


C„v_d<j  + 
R  R 


Jrao 

A 


C  v  da 
•a  u 


Each  instantaneous  value  of  Cy,  vy,  CR,  and  vR  can  be  expressed 
as  the  sum  of  a  mean  value  over  some  time  interval,  T,  and  a 
corresponding  mean  deviation 


C  =  C  +  C  ’ 
u  u  u 


c„  -  c„  +  v  (56) 


V  =  V  +  V  1 
u  u  u 


4*  V  1 
R 


where  IT,  TJT,  vu,  and  vR  represent  the  mean  values  over  the 
time,  T,  and  0  C  ',  v  ',  and  v  '  represent  the  fluctuations 

U  n  u  n 

from  the  mean.  If  we  substitute  (36)  into  (35)  and  average 
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(40) 


where  <P>  is  the  spatial  and  temporal  mean  flux  density  of 
sediment  through  the  surface  separating  the  upper  and  lower 
layers . 


Since  our  observations  show  that  Cu  and  CR  are  quite 
uniform  with  depth  at  any  given  time  (except  during  maximum 
runoff),  we  can  write  (4o)  as 

A,<E>  A  J  V10  -  \  I  V“  -  V  J  VR,dtI  <4l> 

SU  ®r  “n 

which  is  equivalent  to 

A '<E>  =  C  V  -  C  R  -  C  'R'  (42) 

u  u  R  R  v 


where  is  the  mean  volume  flow  in  the  upper  layer  through  the 
cross  section  at  the  seaward  end  of  the  study  area,  R  is  the 
mean  discharge  of  the  Susquehanna  River  at  Havre  de  Grace,  R' 
is  the  mean  deviation,  and  the  other  terms  are  defined  as  before. 

The  quantity  C  R  +  C  'R'  was  calculated  for  the  period 
1  April  1966  through  18  February  1967  and  found  to  be  about 
0.18  x  106  metric  tons  or  approximately  6.4  x  103  gm/sec. 
was  approximately  9  gm/m3  over  the  same  period.  Based  on  the 
average  salinities  in  the  upper  and  lower  layers  at  the  seaward 
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end  of  the  study  area,  V  was  estimated  to  be  about  3R  or 

3  q 

20  m  /sec.  A'  is  approximately  3*7  x  10  m  .  Solving  (42) 

for  <F>  and  substituting  these  values  we  obtain 


C  V  -  OR  -  C  'R' 
- L_ 


—  ^  _  (9  gm/m3)3(680  m~Vsec)-6.4  x  IQ^gm/sec 


<E> 


3-7  X  108  m2 


*i*5  2  tL 

<P>  =  3.2  x  10”  gm/m  sec  =  0.03  mg/m  sec 


Since  <E>  is  positive,  the  net  flux  density  of  sediment  is 
upward  through  the  surface  separating  the  upper  and  lower 
layers . 

We  can  also  express  <B>  as 

<E>  =  <F  >  -  <W8CU#>  (43) 


where  <F  >  is  the  space-time  mean  upward  flux  density  of 

8 

sediment  into  the  upper  layer,  wfl  are  the  instantaneous 

settling  velocities,  C  are  the  instantaneous  concentrations 

of  suspended  sediment  at  the  surface  separating  the  upper  and 

lower  layers,  and  <w  C  >  is  the  space-time  mean  downward  flux 

3  u 

density  of  sedimer '  through  the  surface  separating  the  upper 

and  lower  layers.  Since  the  mean  Stokes  diameter,  TT>  of 
particles  suspended  in  the  upper  layer  is  aoout  3.8  p,  is 

-5  -1 

of  the  order  1  x  10  m  sec  ,  and 
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<w  C  >  53  10  ^  m/sec  X  10*4  mg/m  3  *»  10  1  mg/m2sec 
s  u  * 

Solving  (43)  for  <Fg>,  we  have 


<F  >  —  <F>  +  <w  C  > 
s  s  u« 


Substituting  for  <P>  and  <wsCu#>  yields 

<F  >  =  0.03  mg/m2sec  +  10  1  mg/m2sec 

S 

— j  2 

Therefore,  <Fg>  is  also  of  the  order  10  mg/m  sec. 
For  a  purely  advective  model,  we  can  express  <F5>  as 


<F  > 
s 


=  <w  Com> 

up  i* 


(44) 


In  (44)  are  the  instantaneous  upward  vertical  velocities, 
are  the  instantaneous  concentrations  of  suspended  sedi¬ 
ment  at  the  top  of  the  lower  layer,  and  <wupC^*>  is  the  space- 
time  mean  upward  advective  flux  density  of  sediment  through  the 
surface  separating  the  upper  and  lower  layers.  Since  C^#  Is 
approximately  10*  rag/m^_,  w  would  be  of  the  order  10“'*  m/sec 
which  is  not  unreasonable  (Pritchard,  1956),  and  it  appears  that 
our  estimate  of  <i>  is  at  least  reasonable. 

Using  the  same  arguments  as  before,  we  can  write  the 
following  suspended  sediment  balance  equation  for  the  entire 
study  area. 

A<V  4  W  ■  V  -  V*7  - 1 

si 


5 


i 


i 

i 

1 

* 
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In  (45)  <F_>  is  the  space-time  mean  net  flux  density  of  sedi- 
ment  through  a  surface  just  above  the  bottom,  C,,  are  the  instan¬ 
taneous  concentrations  of  suspended  sediment  in  the  lower  layer 
at  the  seaward  end  of  the  study  area,  are  the  associated 
instantaneous  velocities,  and  the  other  terms  are  defined  as 
before.  Since  C .  varies  considerably  with  depth  at  any  time,  we 

Xr 

cannot  remove  from  the  integrand.  At  the  present  time  we 
have  the  data  to  evaluate  the  first  two  terms  on  the  right  side 
of  Equation  (45).  If  we  could  evaluate  F  cTvTdcr,  we  dould  cal¬ 


culate  <Fb>,  and  we  would  have  made  a  major  advance  in  under¬ 
standing  the  sedimentation  in  the  upper  Bay. 

Since  we  are  interested  in  the  total  average  transport 
of  suspended  sediment  by  the  lower  layer,  I  C^v^dtr,  we  want  to 

define  some  space-time  mean  suspended  sediment  concentration 


(<C^>)  for  the  lower  layer  such  that 


VidCT 


where  Vg  is  the  mean  volume  flow  in  the  lower  layer  through  the 
cross  section  at  the  seaward  end  of  the  study  area,  and  the  other 
terms  are  as  previously  defined.  We  can  determine  <C^>  by 
making  serial  measurements  of  current  velocity  and  suspended 
sediment  concentration  at  different  depths  at  two  or  more 
stations  along  a  cross  section  at  the  seaward  end  of  the  study 
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area.  If  we  take  the  products  of  these  paired  measurements  of 
instantaneous  velocity  and  suspended  sediment  concentration  and 
sum  them  over  the  cross-sectional  area  of  the  lower  layer  over 
an  integral  multiple  of  tidal  cycles,  and  then  divide  this 
quantity  by  the  sum  of  the  instantaneous  velocities  summed 
over  the  same  area  and  time,  we  will  obtain  <C^>.  We  hope 
to  make  the  measurements  necessary  for  the  calculation  of 
<C£>  in  the  near  future. 

From  the  data  we  have  it  appears  that,  except  for  the 
period  of  peak  runoff,  the  upstream  and  downstream  fluxes  of 
suspended  sediment  through  the  seaward  end  of  the  study  area 
may  be  nearly  balanced.  It  is  important  however,  to  remember 
that  we  are  looking  at  a  small  difference  between  two  large 
numbers  and  it  is  difficult  to  determine  even  the  sign  of  the 
difference,  let  alone  the  magnitude-  Also,  as  has  been  pointed 
out,  our  knowledge  of  the  mean  concentration  in  the  lower  layer 
at  the  seaward  end  of  the  study  area  is  very  poor. 

It  appears  that  we  have  three  choices.  First,  the 
net  flux  of  sediment  through  the  seaward  end  of  the  study 
area  may  be  nearly  zero  except  during  maximum  runoff,  and  the 
amount  of  sediment  deposited  in  the  upper  Bay  during  this 
period  may  represent  a  net  deposit.  Second,  there  may  be 
a  small  net  upstream  flux  of  sediment  through  the  seaward 
end  of  the  study  area  thereby  supplementing  the  amount  of 
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material  deposited  during  high  runoff  with  sediment  from  down¬ 
stream.  Third,  over  the  year  there  may  be  a  small  net  downstream 
flux  of  sediment  through  the  seaward  end  of  the  study  area 
thereby  decreasing  the  amount  of  sediment  deposited  by  the 
Susquehanna  during  the  period  of  high  runoff,  and  perhaps  re¬ 
sulting  in  a  net  loss  of  sediment.  All  three  conditions  may 
produce  net  deposition  over  the  year;  the  first  two  must. 

As  always  the  difficulty  in  life  is  the  choice,  and 
unlike  choosing  a  horse  or  a  wife,  the  choice  must  satisfy 
not  only  the  chooser,  but  it  also  must  be  the  best  choice  on 
the  basis  of  the  available  information.  Prom  the  data  we  have, 
it  is  very  unlikely  that  there  is  a  net  annual  loss  of  sedi¬ 
ment  from  the  study  area.  It  is  much  more  likely  that  there  is 
a  net  annual  accumulation  of  sediment.  At  present,  we  are  not 
in  a  position  to  write  a  sediment  budget  for  this  segment  of 
the  Bay  but  we  could  pose  a  number  of  questions  to  demonstrate 
that  accumulation  is  more  probable  than  erosion.  We  shall  ask 
one.  If  during  the  six  weeks  of  peak  runoff  the  Susquehanna 
d- posited  0.53  x  106  metric  tons  of  sediment  within  the  study 
area,  could  an  equivalent  amount  of  material  have  been  resus¬ 
pended  and  transported  out  of  the  area  over  the  rest  of  the  year? 
To  obtain  an  answer  consider  the  following  advective  model 

(3RC  -  2RC „)  T  =  0.33  X  106  metric  tons 

'  u  l 

where  R  is  the  average  river  flow,  Cy  and  are  the  mean  con- 
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centrations  of  suspended  sediment  in  the  upper  and  lower  layers 
at  VF  over  the  time,  T,  of  46  weeks,  and  0.35  x  10^  metric  tons 
is  the  amount  of  the  sediment  discharged  by  the  Susquehanna 
which  was  deposited  within  the  study  area  during  the  six  weeks 
of  peak  runoff  in  February  and  March  of  1967 •  Solving  for 
(3Cu-  2C£),  wc  obtain 

3Cu-  2C£  «  17  nig/i 

Our  observations  show  that  a  value  of  9  mg/l  is  a  good  estimate 
of  Cu.  If  we  use  this  value,  then  ~Z  £  would  have  to  be  only 
about  5  mg/l  which  is  clearly  unreasonable  in  view  of  all  the 
data  we  have.  This  simplified  model  indicates  that  all  of  the 
sediment  deposited  by  the  Susquehanna  during  maximum  runoff 
could  not  have  been  removed  over  the  rest  of  the  year.  If  20 
percent  of  it  were  to  be  removed  by  this  process,  C  would  have 

Xt 

to  be  about  12  mg/l,  which  is  still  too  small.  It  appears  then 
that  there  is  a  net  accumulation  of  sediment  within  the  upper 
Bay.  From  data  presented  earlier,  a  deposition  rate  of  2  to  3 
mm  per  year,  averaged  over  the  study  area,  seems  reasonable. 

Although  we  have  made  major  strides  in  understanding  the 
nature  of  the  suspended  sediment  of  the  upper  Bay,  our  know¬ 
ledge  of  the  sedimentation  processes  is  still  meager.  It  should 
be  obvious  that  we  need  to  sample  more  intensively,  both  tem¬ 
porally  and  spatially,  during  the  period  of  maximum  runoff.  In 


addition,  we  need  supplementary  time  series  data  within  the 
study  area,  at  the  seaward  end  of  the  study  area,  and  at 
stations  downstream  from  VF.  Moreover,  the  paired  measurements 
of  current  velocity  and  suspended  sediment  concentration  must 
be  supplemented  by  determinations  of  the  size  distribution  of 
the  sediment  suspended  near  the  bottom  st  different  phases  of 
the  tide.  Work  along  each  of  these  lines  is  either  in  progress 
or  is  planned  for  the  near  future. 
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SUMMARY 

An  intensive  study  was  made  of  the  northern  (north  of 
39’13'N)  Chesapeake  Bay  from  21  March  1966  through- 31  March 
1967.  Samples  were  collected  routinely  at  sixteen  stations 
for  determinations  of  both  the  concentrations  of  total  sus¬ 
pended  solids  and  the  concentrations  of  combustible  organic 
matter.  Additional  samples  were  collected  at  selected  stations 
for  mineral  identification  by  X-ray  diffraction  and  size 
analysis  by  a  photomicrographic  technique  (Zeiss  Particle  Size 
Analyzer)  and  by  a  sedimentation  technique  (Mine  Safety 
Appliance  Particle  Size  Analyzer). 

The  concentrations  of  suspended  sediment  in  the  Bay 
proper  were  greater  than  5  mg/l  throughout  the  year  with  maxi¬ 
mum  concentrations  greater  than  110  mg/l  occurring  in  March 
during  the  period  of  peak  river  flow.  The  concentrations  of 
suspended  sediment  in  the  mouth  of  the  Susquehanna  River,  the 
principal  source  of  fluvial  sediment  of  the  study  area,  ex¬ 
ceeded  l4o  mg/l  during  this  period  of  maximum  runoff.  Excluding 
the  period  of  peak  river  flow  and  short  periods  of  very  rough 
seas,  the  surface  and  mid-depth  suspended  sediment  concentrations 
were  relatively  constant  throughout  the  year  at  each  of  the 
stations  deeper  than  about  5  m.  In  shallower  water  larger  fluc¬ 
tuations  resulting  from  the  resuspension  of  bottom  sediment  by 
both  tidal  scour  and  wind  waves  were  observed.  Excluding  the 


period  of  high  river  discharge,  the  mean  concentration  of  sus¬ 
pended  sediment  in  the  upper  layer,  averaged  over  the  entire 
study  area,  was  about  13  mg/l  and  the  mean  deviation  less  than 

4  mg/l. 

Near  the  bottom,  where  the  suspended  sediment  concen¬ 
trations  are  determined  primarily  by  tidal  scour,  large  (as 
much  as  18  X)  fluctuations  of  the  suspended  sediment  concen¬ 
tration  were  observed  which  were  clearly  related  to  current 
velocity  and  the  phase  of  the  tide  at  which  the  samples  were 
collected. 

The  concentrations  of  combustible  organic  matter  were 
highest  in  the  spring  and  simmer  months  averaging  nearly 

5  mg/l  and  lowest  during  the  winter  months  when  they  averaged 
about  3  mg/l. 

The  mean  equivalent  projected  diameter  of  the  suspended 
particles  ranged  from  1.1  to  2.8  p.  and  in  nearly  80  percent  of 
the  samples  analyzed  it  was  between  1.4  and  2-0  n.  The  mean 
projected  diameter  decreased  slightly  during  the  period  of 
high  river  flow.  The  mean  Stokes  diameter  of  the  suspended 
particles  ranged  from  2.3  to  12.2  n  and  in  nearly  70  percent 
of  the  samples  it  was  between  3  and  6  fi.  At  nearly  all  of  the 
stations  both  the  mean  equivalent  projected  diameter  and  the  mean 
Stokes  diameter  increased  near  the  bottom.  An  important  farter 
which  remains  to  be  investigated  is  the  tidal  induced  variation 
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of  the  particle  size  distribution  near  the  bottom. 

The  mineral  assemblage  of  the  suspended  sediment  con¬ 
sisted  of  the  illite,  chlorite,  and  kaolinite  clay  mineral 
"groups"  and  of  quartz  and  feldspar.  Illite  appears  to  be  the 
most  abundant  mineral.  The  seasonal  and  geographic  variations 
of  the  relative  abundances  of  the  clay  minerals  were  small. 

During  the  year  1  April  19 66  through  31  March  1967  the 
Susquehanna  River,  which  provides  nearly  all  of  the  fluvial 
sediment  introduced  into  the  region, discharged  0.6l  x  10^ 
metric  tons  of  suspended  sediment  into  the  Bay  at  Havre  de  Grace. 
Nearly  70  percent  of  this  0.6l  x  10^  tons  was  discharged  during 
peak  runoff  in  late  February  and  March  and  about  80  percent  of 
this  70  percent  was  deposited  within  the  study  area.  Approxi¬ 
mately  0.1  x  106  metric  tons  of  silt  and  clay  are  introduced 
annually  into  the  study  area  from  coastal  erosion. 

During  the  period  of  peak  ruuoff  the  upper  Bay's  sus¬ 
pended  sediment  population  was  closely  linked  to  its  major 
source  of  new  sediment — the  Susquehanna  River.  The  maximum 
suspended  sediment  concentrations  of  the  Susquehanna  were  re¬ 
flected  in  the  high  concentrations  found  in  the  Bay.  Although 
these  values  were  lower  than  those  recorded  in  the  Susquehanna, 
they  were  the  maximum  concentrations  recorded  in  the  Bay.  Except 
for  the  period  of  maximum  river  flow,  the  concentrations  of  sus¬ 
pended  sediment  were  higher  in  the  Bay  than  in  the  mouth  of  the 


Susquehanna  River  despite  the  dilution  of  the  Susquehanna  dis¬ 
charge  ana  the  settling  out  which  occur  within  the  Bay.  Ex- 
clud'-'g  the  ifc.-iod  of  maximum  runoff,  the  concentrations  of 
suspended  sediment  in  the  Bay  were  largely  determined  by  local 
(within  the  study  area)  resuspension  and  by  the  upstream  trans¬ 
port  of  sediment  into  the  study  ares  by  the  lower  layer.  It 
is  not  possible  to  assess  the  relative  contributions  by  these 
two  mechanisms  with  the  data  we  now  have.  It  was  possible 
however,  to  calculate  the  net  flux  density  of  sediment  through 
the  surface  separating  the  upper  and  lower  layers,  emitting 
the  period  of  peak  river  flow,  this  was  calculated  to  be  0.03 
mg/m2/sec. 

Although  we  do  not  have  sufficient  information  to  write 
a  sediment  budget  for  this  segment  of  the  Chesapeake  Bay,  there 
can  be  little  doubt  that  this  is  an  area  of  net  deposition.  The 
data  indicate  an  average  deposition  rate  of  about  2  to  3  mm  per 
year. 

The  sedimentation  pattern  of  the  northern  Chesapeake 
Bay  then,  is  one  of  fluvial  domination  during  the  period  of 
thaw  and  high  runoff,  and  cannibalism  (resedimentation)  through¬ 
out  the  remainder  of  the  year. 
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APPENDIX  A — N'unber-Size  Distributions  and  their  Statistical 
Properties  of  Suspended  Sediment  Samples  from 
Selected  Space-time  Positions  in  the  Upper 
Chesapeake  Bay.  Data  obtained  with  a  Zeiss 
Particle  Size  Analyzer  TGZ-3* 


Volume-Size  Distributions  and  their  Statistical 
Properties  of  the  Same  Set  of  Samples  Obtained  by 
^rau..  formation  of  the  Number  Data  by  Assuming 
Spherical  Particles. 


STATION  SUS  I  JUNE,  1966 


Percent  by  number  greater  than  Percent  by  number  greater  thon 


50  100  200  300 


Dm  (m) 


Fig.  A4  Particle  Size  Distribution  Curves  of  Suspended  Sediment 
Samples  from  Selected  Space -Time  Positions  in  the  Upper  Bay. 


Percent 
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J*2T,E  A-l 

Statistical  Properties  of  Particle  Size  Distributions  Shown  in 


Figures  A1  through  A6. 

Station, 

Date,  and 

Depth 

Mean 

GO 

Standard 

Deviation 

GO 

Skewness 

Kurtosis 

SUS  (1  VI  66) 

surface 

2.0 

2.2 

2.4 

34.6 

mid-depth 

2.1 

1.8 

1.5 

10.9 

1  m  off  hot. 

2.3 

2.1 

1.4 

9-5 

IE  (1  VI  66) 

surface 

1*9 

1.7 

1-7 

l4.l 

mid-depth 

2.0 

2.1 

1-5 

10.6 

IIIC  (31  V  66) 

surface 

2.5 

5-1 

2.0 

20.4 

mid-depth 

1.8 

2.5 

2.7 

38.1 

1  m  off  bot. 

2.7 

2.9 

1.7 

17.0 

VF  (31  V  66) 

surface 

1.7 

1.5 

1.5 

8.7 

mid -depth 

2.1 

2.5 

1-5 

10.2 

SUS  (9  VIII  66) 

surface 

1.4 

1.5 

5.6 

85.9 

mid-depth 

1.5 

1.6 

5-5 

71.8 

1  m  off  bot. 

1.7 

2.4 

5-5 

56.4 
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TABLE  A-l 

Continued 

Station, 

Date,  and 

Depth 

Mean 

GO 

Standard 

Deviation 

GO 

Skewness 

Kurtosis 

IE  (9  VIII  66) 

surface 

1.7 

1.5 

2.3 

28.4 

mid-depth 

1.8 

1.6 

2.0 

21.1 

1  m  off  hot. 

1.9 

2.1 

2.7 

41.3 

IIIC  (22  VIII  66) 

surface 

1.3 

0-9 

1.9 

21.2 

mid-depth 

1.5 

1.6 

3.2 

58.9 

1  m  off  bot. 

1.7 

1.9 

3.9 

87-9 

VF  (25  VII  66) 

surface 

2.0 

1.5 

1.8 

17.1 

mid-depth 

2.4 

2.1 

1.8 

22.0 

SUS  (12  I  67) 

surface 

1.1 

0.6 

2.5 

43.7 

mid-depth 

1.2 

0.7 

2.8 

52.4 

1  m  off  bot. 

1.1 

0.7 

2.9 

62.8 

IE  (12  I  67) 

surface 

1.5 

1.2 

2.4 

32.7 

mid-depth 

1.4 

1.3 

2.3 

30.9 

1  m  off  bot. 

1.5 

1.5 

3-0 

52.6 
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TABLE  A-l 

Continued 

Station, 

Date,  and 

Depth 

Mean 

(u) 

Standard 

Deviation 

(n) 

Skewness 

Kurtosis 

IIIC  (12  I  67) 

surface 

1.5 

1.2 

1.8 

21.4 

mid-depth 

1.5 

1.2 

2.0 

29.5 

1  m  off  hot. 

VF  (12  I  67) 

1.7 

1.5 

2.8 

57.1 

surface 

1.8 

1.6 

1.7 

15.6 

mid-depth 

1.9 

1.5 

1.4 

11.8 

1  m  off  hot. 

1.8 

1-7 

1.8 

17.7 

00' 


volume  greater  than  ^rcent  by  volume  greater  than 


greater  than  Percent 
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Table  A-2  Continued 


Station, 

Date,  and 

Depth 

Kean 

D 

V 

(h) 

Standard 

Deviation 

Skewness 

Kurtosis 

VF  (51  V  66) 

surface 

5-9 

2.6 

-  0.1 

-  1.0 

mid-depth 

11.6 

4.8 

0.3 

0.3 

SUS  (9  VIII  66) 

surface 

1 6.6 

10.1 

0.1 

-  1.5 

mid-depth 

16.7 

10.1 

0.1 

-  1.5 

1  m  off  hot. 

21.5 

8.2 

-  0.5 

-  0.8 

IE  (9  VIII  66) 

surface 

9-6 

4.9 

-  0.1 

-  0.8 

mid-depth 

9.1 

4.4 

0.0 

-  1.1 

1  m  off  bot. 

16.2 

8.2 

0.1 

-  1.0 

IIIC  (22  VIII  66) 

surface 

5-3 

3.0 

0.2 

-  1.0 

mid-depth 

14.2 

6-3 

-  0.5 

-  1.0 

1  m  off  bot. 

21.1 

9.2 

-  0.4 

-  0,9 

VF  (25  VIII  66) 

mid-depth 

12.5 

7.8 

0.3 

-  0.8 

SUS  (12  I  67) 

surface 

4.1 

2.8 

0.2 

-  1.4 

mid-depth 

5-2 

3.5 

0.1 

-  1.4 

1  m  off  bot. 

5.8 

4.5 

0.4 

-  0.9 

IE  (12  I  67) 

surface 

8.5 

4.4 

-  0.1 

-  1.6 

mid-depth 

8.8 

4.6 

0.2 

-  0.8 

1  m  off  bot. 

12.8 

6.7 

0.0 

-  1.3 

IIIC  (12  I  67) 

surface 

7-1 

4.0 

0.2 

-  1.2 

mid-depth 

8.5 

6.0 

0.5 

-  0.2 

i  m  off  bot. 

l4.o 

8.6 

0.2 

-  1  6 

VF  (12  I  67) 

surface 

8.6 

4.3 

0.1 

-  0.7 

mid-depth 

7.1 

3-5 

0.1 

-  1.2 

1  m  off  bot. 

9.2 

4.6 

0.1 

-  0.8 

APPENDIX  B-- Determining  Starting  and  Stopping  Corrections  For 


MSA  Centr j  f uges • 
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It  is  necessary  to  apply  starting  and  stepping  cor¬ 
rections  to  the  times  calculated  from  (l4)  since  these  times 
are  based  upon  the  assumption  that  each  centrifuge  runs  at  a 
constant  speed  for  the  entire  calculated  time  interval.  This 
of  course,  is  not  true,  and  therefore  either  the  starting 
and  stopping  times  must  be  balanced,  or  a  correction  time 
factor  must  he  used.  The  latter  is  the  simpler  solution 
and  is  the  one  used  for  the  MSA  centrifuges.  Prom  (12)  we 

see  that  the  settling  velocity  of  a  particle  at  any  radius, 

2 

r  from  the  axis  of  rotation,  is  proportional  to  w  .  There- 
2 

fore,  if  we  plot  w  vs.  time  the  area  under  the  curve  will 
be  proportional  to  the  distance  a  particle  will  settle  in 
that  time  interval.  A  typical  curve  of  w  vs.  time  (Obce) 
is  shown  in  Fig.  Bl.  The  distance  which  a  particle  would 
settle  during  the  time  period  t  is  given  by  (12)  as  being 
proportional  to  the  area  Oacd.  In  fact,  the  distance  of 
settling  is  proportional  to  the  area  ebee  since  the  centri¬ 
fuge  does  not  run  at  a  constant  w  for  the  entire  timer  setting. 
We  want  to  select  a  new  timer  setting,  t ,  during  which  a 
particle  will  settle  the  same  distance  as  it  would  if  it  were 
centrifuged  at  constant  oi  for  the  time  period,  t  .  The  deter¬ 
mination  of  the  new  timer  setting,  t ,  requires  that  the  area 
Obc1e1  equal  the  area  Oacd,  and  consequently  that  the  cc1d1d 
be  equal  to  the  difference  between  the  areas  Oab  and  dee. 
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The  corrective  time  factor,  t  ,  for  the  J.200  r.p.m. 

centrifuge  used  by  the  author  vas  determined  in  the  following 

way.  A  stroboscope  was  used  tc  determine  the  starting  and 

stopping  curves  of  thfe  centrifuge,  Fig.  B2,  and  the  area  over 

the  starting  curve  and  the  area  under  the  stopping  curve  were 

then  determined  by  planimetry.  Their  difference  was  taken 

and  this  area  was  divided  by  the  area  equivalent  of  unit 
2 

time  at  u  =  constant — the  area  of  the  rectangle  whose  length 

2 

is  given  by  the  distance  to  the  w  =  constant;  line  and  whoBe  • 
width  is  equal  to  the  distance  equivalent  of  1  second.  This 
gives  the  required  corrective  time  factor  in  seconds. 

_  (Area  over  starting  curve)  -  (Area  under  stopping  curve) 
1+0,1  Area  equivalent  of  unit  time  at  W2=  constant 

=  (1Q1-0  -  6?. 7)  cm2 
1+0,1  (20.6  X  .5)cm2sec  1 

*40*  =  U**  SeC* 

i 

The  manufacturer  recommends  that  starting  and  stopping 
times  be  checked  every  six  months. 
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Used  to  Determine  Starting -Stopping  Correction  Term. 
Plotted  Points  Determined  with  a  Stroboscope. 
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APPENDIX  C —  "’reparation  of  a  Reading  Schedule  for  an  MSA 
Size  Analysis. 


? 

\ 


i 


\ 


I 
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The  sample  of  suspended  sediment  was  dispersed  in  dis¬ 
tilled  water  at  2JC.  The  following  values  were  used  in  the 
preparation  of  '  reading  schedule. 

Temperature  =  23C 


p  psediment 

g 

u 


r 

o 

r? 

h 

0 

e 

X20it 

T40« 

T60n 


0.956  x  10  2  poise 

0.998  gtn  cm”'5 

2.30  gm  cm”5 
-2 

98O  cm  sec 

20«,  4o«,  60«  rad  sec  1 
3-5  cm 

13.3  cm 
10  cm 

10 p  (last  part ic re  sice  settled  by  gravity) 
•3.4  sec 

11 .4  sec 
30.1  sec 


Equation  (21)  is  used  to  determine  the  reading  times 
for  the  gravity  portion  of  the  reading  schedule. 


K  =  18  x  10  ph  =  18  x  10B( O.936  X  10~2)10 
8  “(prp“ Jg "  C2.50  -  0.998)980 


K  —  13.199  x  10*  cm2  sec. 


IC 

t 

g  D2 


For  an  8Cp  diameter  sphere  we  have 


(21) 
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t  _  jU^9_x_10_  _  gl  sec 

E  (80)2 

For  a  40  n  diameter  sphere  we  have 


t  =  mWXJ*-  =  82 

*  (4o)2 


sec 


and  for  20  a  and  10  p  spheres  we  have 


t  =5  minutes  30  seconds,  and  t  =22  minutes. 

g  g 


Normally  the  gravity  period  would  not  he  extended  over  this 
long  a  period,  however  the  calculation  of  centrifuge  timer 
settings  is  singilified  by  using  a  D  of  10  }i. 

O 

Next,  we  must  calculate  the  K  for  each  centrifuge. 

We  have 

K20«  =  ^K8  =  3276  cm2seC 
hu 

*40*  “  Kg  =  819  cm2  sec 
hu 

2 

v  as  -JL_  k  =  364  cm  sec 
60*  ,  2  « 
ha 

If  8  p.  is  the  next  size  of  interest,  then  using  the  600  r.p.m. 
centrifuge  we  have 


t  =  t  t  '  +  T 
l  l  o  20* 


t  -  K20n  In  *2 

tl  __  m - 


r  + 

0  D2 
g 


5  -  V  +  T20*  =  l6-2  -  0  +  eA 


t  =  25  sec 
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For  an  0.25  H  sphere  at  1800  r.p.m.  we  have 


-  6130  sec  =  102  min  10  sec 
It  is  convenient  to  tabulate  the  times  in  a  table 


similar  to  that  shown  in  Fig.  Cl 
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MSA  DATA  SHEET 

SAMPLE  NO _ ! _ ROOM  TEMP._23C _ 

SAMPLE  MATERIA!  susp.  sediment  TURF  SI7F  0.75  mm _ 

SAMPLE  DENSITY.  2-3  gm  cm"3  SFD  I  IQIlin  woter _ 

FEEDING  LIQUID—  n_one _ WETTING  AGFNT  none _ 

DISPERSING  AGENT  distilled  HgO 

rq=  3.3  cm  r2=  13.3  cm _  kg  =I3.I99x  IQ4 


EH 

RPM 

TIME 

mss 

CORR.SEDj 

Ht.(mm) 

%  >D 

%  <  D 

COMMENTS 

60 

Gravity 

:2I 

40 

Gravity 

1:22 

20 

Gravity 

5:30 

10 

ISB9S1 

22:00 

8 

600 

:25 

5 

6C0 

1 :4l 

35 

600 

3:08 

2 

600 

12:47 

1 

1  200 

14:27 

HLii 

1  800 

25:52 

0.25 

1800 

!02:io 

REMARKS: 


OPERATOR  JRS 

HZ1TF  5  .JULY  1966 


Fig.  Cl  MSA  Data  Sheet. 
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APPENDIX  D — ‘Volume-Size  Distributions  and  thejr  Statistical 
Properties  of  Suspended  Sediment  Samples  from 
Selected  Space-time  Positions  in  the  Upper 
Chesapeake  Bay.  Data  obtained  with  a  Mine 
Safety  Appliance  Ihrticle  Size  Analyzer. 


Percent  by  volume  greater  than  Percent  by  volume  greeter  thon 


*,**h.w**  **'*"-  ^.^.1  -  •  *J'  '  *  •'**--  *,V'' '  '**'*■•*■  ’*'"■  \  .#• 


Percent  by  volume  greater  than 


of  Selected  Samples  of  Suspended  Sediment  from  the  Upper  Bay. 


Percent  by  volume 


TABLE  D-l 

Statistical  Properties  of  Particle  Size  Distributions  Shown  in 
Figures  D1  through  DJ. 


Station, 

Date,  and 

Depth 

Mean 

D 

8 

GO 

Standard 

Deviation 

GO 

Skewness 

Kurto8is 

SUS  (9  VIII  66) 

surface 

5-6 

3*5 

1.5 

18. 3 

mid-depth 

4.4 

6.7 

2.4 

30.4 

1  m  off  hot. 

6.6 

6.8 

1.5 

16.3 

IIIC  (22  VIII  66) 

surface 

2.5 

3*6 

2.3 

28.2 

mid-depth 

3-5 

5.2 

3-2 

59.2 

1  m  off  hot. 

8.6 

13-2 

2.0 

22.8 

SUS  (12  I  67) 

surface 

6.0 

9-9 

2.1 

19-3 

mid-depth 

6.6 

12.2 

1.7 

U.3 

IE  (12  I  67) 

mid-depth 

5.4 

5.2 

3.6 

69.4 

IIIC  (12  I  67) 

surface 

3.3 

4.7 

3.3 

67.0 

mid-depth 

3-5 

4.7 

3.9 

85-7 

1  m  off  bot. 

4.3 

Q.5 

4.5 

107.9 
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TABLE  D-l  Continued 


Station, 

Date,  and 

Depth 

Mean 

D 

s 

GO 

Standard 

Deviation 

GO 

Skewness 

Kurtot is 

VF  (12  I  67) 

surface 

3.6 

6.1 

3-3 

53-7 

mid-depth 

3.9 

6.0 

2.6 

36.5 
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